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THEME 


In  order  to  assess  the  requirements  for  navigation  and  positioning  systems,  the  current 
status  of  these  systems,  and  the  limitation  the  propagation  medium  places  on  systems  in 
being  or  planned,  the  AGARD  EPP  held  a Specialists’  Meeting  in  Istanbul,  October  20-22 
1976,  on  this  subject.  The  concept  of  the  meeting  was  to  outline  requirements  and  progress 
in  systems  and  to  plan  programs  for  future  studies  to  reduce  any  propagation  limitations  on 
navigation  systems. 


Accordingly,  the  meeting  reviewed  various  subjects  including  civilian  requirements  for 
sea,  air  and  ground  navigation  systems  both  short  and  long  range,  and  propagation  study  needs 
of  Loran  C, Omega,  NAVSTAR,  and  Aerostat.  In  addition,  requirements  for  other  systems  were 
outlined  and  possible  propagation  problems  discussed.  Proposed  future  research  and  development 
programs  was  the  subject  of  a round  table  discussion.  The  aim  was  to  mitigate  the  propagation 
problems  that  systems  will  and  have  encountered. 
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SUMMARY 


This  paper  reviews  the  Impact  of  Ionospheric  effects  upon  the  user  system  performance  In  the  position- 
ing process.  System  performance  of  Ionospheric  delay  corrections  in  terms  cf  Ionospheric  modeling  and  In 
terms  of  dual  frequency  receiver  calibration  are  discussed.  The  effects  of  signal  degradation  by  phase 
and  amplitude  scintillation  are  reviewed. 

1.  INTRODUCTION 

The  NAVSTAR  Global  Positioning  System  (GPS)  Is  a satellite-based  navigation  system  that  will  provide 
extremely  accurate  three-dimensional  position  fixes  and  timing  Information  to  properly  equipped  users  any- 
where on  or  near  the  earth.  The  system  will  be  available  continuously  regardless  of  weather  conditions, 
and  will  find  extensive  utilization  In  Imprr  weapons  delivery  accuracies,  range  Instrumentation,  etc. 
Furthermore,  It  will  provide  an  ultimate  s<.  In  the  number  and  cost  of  navigation  and  position-fixing 
systems  currently  employed  or  projected. 

NAVSTAR  GPS  Is  a joint-ServIce  program  managed  by  the  Air  Force  with  participation  of  the  Navy,  Army, 
Marines,  and  Defense  Mapping  Agency.  The  system  concept  evolved  from  USAF  and  Navy  studies  Initiated  In 
the  mld-1960's.  Current  program  plans  call  for  the  deployment  of  six  satellites  In  1977  to  permit  demon- 
stration and  evaluation  tests  over  the  continental  United  States  (CONUS).  The  system  Is  expected  to  be 
expanded  through  deployment  of  additional  satellites  Into  an  operational  24-satellite  system. 

Approval  to  proceed  with  the  Phase  I (concept  validation)  portion  of  the  program  was  granted  In  Decern 
ber  1973.  The  next  major  decision  Is  scheduled  for  March  1978.  The  GPS  could  attain  a worldwide  two- 
dimensional  capability  In  the  early  1980's  with  full  three  dimensional  navigation  by  t*>e  mld-1980's. 

2.  SYSTEM  DESCRIPTION 

The  NAVSTAR  GPS  consists  of  three  major  segments:  space,  control,  and  user,  as  shown  In  Figure  1. 

The  concept  of  operations  can  be  described  as  follows.  Each  satellite  carries  an  atomic  clock  with  stabll 
1 ties  of  the  order  of  1 part  In  10  . This  clock  is  used  to  generate  timing  for  the  dual  frequency 
pseudo-random  noise  (PRN)  spread  spectrum  l.-band  navigation  signals  which  the  satellites  radiate  continu- 
ally. These  navigation  signals  contain  Information  regarding  the  satellite  ephemerldes  and  clock  behav- 
ior. Geographically  dispersed  monitor  sets  receive  these  signal*  and  send  the  received  Information  to 
the  Master  Control  Station  (MCS)  located  In  the  CONUS.  The  MCS  processes  the  data  and  calculates  pre- 
dicted satellite  positions,  velocities,  and  clock  drifts  to  be  uploaded  and  stored  In  the  satellite  memo- 
ries for  later  broadcast  to  the  users.  The  MCS  insures  that  the  satellite  clocks  are  synchronized  within 
a few  nanoseconds.  Users  perform  navigation  using  the  signals  radiated  by  the  satellites.  If  the  users 
had  precision  clocks  (synchronized  to  the  satellites),  they  could  make  passive  range  measurements  to  the 
satellites  and  determine  their  position  as  the  Intersection  of  three  spheres,  each  centered  at  the  satel- 
lite. To  avoid  requiring  all  users  to  be  equipped  with  precision  clocks,  enough  satellites  will  be  de- 
p'uyeJ  tv  Wat  all  mere  will  f.m  it  leitt  TvUf  iftleHltet  aiallsL'e.  ’h*  sltmltMwvVi  reception  J fzir 
navigation  signals  allows  three  Independent  range  difference  equations  to  be  formed  which  may  be  used  to 
calculate  the  Intersection  of  three  hyperboloids  of  revolution  uniquely  defining  the  user  position. 

^.e  >muer!  in  cpmfon#''  ;Cf fibril fOWetUti » wilt  vtmWsI  IT  H 
satellites  in  circular,  10,900  nml  orbits  with  an  Inclination  of  63  degrees  (See  Fig.  ?).  They  will  be 
deployed  In  three  planes,  each  plane  containing  eight  satellites.  This  satellite  consttllatlon  Insures 
that  at  least  six  satellites  are  always  In  view  from  any  point  on  the  earth  and  that  on  tie  average,  nine 
satellites  are  In  view,  thus  Insuring  satellite  coverage  for  three-dimensional  positioning  and  navigation 
on  a worldwide  basis. 

The  satellite  Is  shown  In  Figure  3.  The  design  life  is  five  years  with  enough  expendables  to  last 
seven  years.  The  on-orbit  weight  Is  950  pounds  and  the  end  of  life  power  available  Is  400  watts.  The 
power  Is  supplied  by  five  square  meter  solar  arrays  that  continuously  track  th  sun.  Three  nickel-cadlum 
batteries  are  available  for  eclipse  operations.  The  satellite  is  three-axis  stabilized  by  means  of  four 
skewed  reaction  wheels.  A hydrazine  propulsion  system  Is  on-board  for  station  keeping  maneuvers,  and  to 
provide  a momentum  dump  capability  for  the  attitude  control  system.  ' 12-element  shaped  beam  helix  array 
provides  ar,  earth  coverage  antenna  pattern  for  the  L-band  navigation  signals. 

Each  satellite  lewssmlu  two  spreid-speelmum  PRN  navigation  signeis,  one  signal  at  1*75  Mtfi  w,j  a 
second  signal  at  1227  MHz.  The  signals  are  coherently  generated  and  can  be  used  to  determine  and 
correct  for  effects  of  the  Ionospheric  signal  delay.  Both  navigation  signals  consist  of  a sequence  of 


binary  digits  (PRN  sequences)  bi-phase  modulated  onto  the  carriers  at  a rate  of  10.23  Mbps.  The  ephem- 
eris  and  satellite  clock  data  are  modulated  onto  the  PRN  sequence  at  a rate  of  50  bps.  Thus,  the  basic 
navigation  data  is  "spread"  from  a bandwidth  of  approximately  100  Hz  to  a bandwidth  of  approximately  20 
MHz  by  the  PRN  sequence.  The  PRN  sequences  are  unique  to  each  satellite  and  mutually  orthogonal  permit- 
ting the  use  of  a common  carrier  frequency  for  all  satellites  in  the  constellation.  An  acquisition  sig- 
nal is  quadraphase  modulated  with  the  navigation  signal  at  1575  MHz  to  also  provide  a rapid  acquisition 
capability  for  all  users. 

Control  Segment.  The  control  segment  consists  of  a Master  Control  Station  (MCS),  widely  separated 
Monitor  Sets  (MS),  and  an  Upload  Station  (ULS).  Redundant  master  control,  and  upload  stations  are  planned 
tOt  <*«■*»  for, a'  ty*'  en,  j merit  to?  'Orated  of  . v tortfOtoetf  twUovy , wvT 

passively  track  the  satellites  accumulating  ranging  data  from  the  navigation  signals.  These  data  will  be 
transmitted,  along  with  meterologlcal  and  status  Information,  to  the  MCS  In  the  CONUS.  At  the  MCS  the 
ranging  data  will  be  corrected  for  transmission  delays,  e.g.,  Ionospheric  and  tropospheric  delays,  rela- 
tivistic effects  and  processed  by  a filter  algorithm  to  provide  best  estimates  of  satellite  position, 
velocity,  acceleration  e.g.,  due  to  solar  pressure  variations,  and  satellite  clock  drift  relative  to  system 
time.  Additionally,  MS  clock  drifts  relative  to  system  time,  polar  wander  parameters  and  tropospheric 
correction  residuals  are  estimated.  Subsequent  post-event  data  processing  will  be  done  to  generate  progres- 
sively refined  information  defining:  a)  the  gravitational  field  Influencing  the  satellite  motion,  b) 

SS  ItceUcra*  er4  r)  jO*?  cls%r«M%  tjsux.  lr£1uwr<*%  TV%  Jett . that  inerts,  w'.U  bt  v„ 
future  navigation  messages  to  be  loaded  Into  the  satellite  memories  via  the  ULS,  also  located  In  the  CONUS, 
at  least  once  a day. 

User  Segment.  The  user  set  consists  of  an  antenna,  receiver,  data  processor  with  software,  and  con- 
trol; dTipTay  uni.  %CTlt  td irlV  bt  V: wHt  aorAHatj  St, .son  satl.  as  W*t1AV.  mea- 
suring units.  The  receiver  measures  pseudo-range  and  pseudo-range-rate  using  the  navigation  signal  from 
each  of  four  satellites.  The  processor  converts  these  data  to  three-dimensional  position,  velocity,  and 
S/Sten,  tW.  lt,t  y^Sltlut.  SuVutAtt  IS  utv*',  <4*3  Vj,  ctrtl.-  etl.SaTtC  tutri'.l.tAuS , Wt.'.tl,  STt  VubSe^utT.liy 
converted  and  presented  on  the  display  unit  as  either  geographic  coordinates,  UTM  grid  coordinates,  or 
any  other  coordinate  system  desired  by  the  user. 

Prcjactkn  tf  sv'fiwt  flor*  *tr  tt*  IM.  t*  'tftr u A'lhrjtflii 

the  system  is  designed  to  meet  military  requirements,  It  will  also  have  potential  for  civil  and  Interna- 
tional use.  In  order  to  minimize  user  equipment  costs,  the  space  and  control  segments  are  designed  to 
emphasize  low  user  costs.  During  the  system  definition  studies,  six  classes  of  user  requirements  were 
identified  and  defined  by  the  military  services  to  meet  their  operational  performance  requirements.  The 
various  classes  of  user  requirements  are  summarized  In  Table  1. 

3.  NAVIGATION  ALGEBRA 

The  technique  for  achieving  the  desired  system  accuracies  calls  for  making  transit  time  measurements 
of  KF  signals  encoded  as  pseudo-random  noise  modulation  on  an  L-bana  carrier.  A precision  timing  system 
carefully  synchronized  between  satellite  transmitters  must  be  used.  Users  with  precision  clocks  could 
then  passively  range  to  the  satellites  and  determine  their  own  position  as  the  calculated  Intersection  of 
at  least  three  spheres  centered  at  the  transmitters.  To  avoid  requiring  all  users  to  be  equipped  with 
precision  clocks,  enough  satellites  will  be  deployed  so  that  all  users  have  available  at  least  four 
satellites  simultaneously.  Then  synchronized  time  Is  not  required  because  the  simultaneous  reception  of 
four  signals  produces  three  independent  range  differences  which  may  be  used  to  calculate  the  Intersection 
of  three  hyperboloids  of  revolution. 

The  range  differencing  solution  Is  primarily  conceptual,  since  It  is  just  one  possible  method  of  de- 
termining user  position  and  clock  bias  {a  total  of  four  unknowns)  from  the  four  range  measurements.  The 
basic  equation  relating  ranges  and  transit  times  Is  termed  a pseudo-range  equation  which  In  an  error-free 
system  is  given  by  (see  Figure  4): 

=[(li  - x)  ' (l1  * *)  ] **  + b (3-D 


where 


r^  * the  time  delay  multiplied  by  the  speed  of  light  measured  from  satellite  1 
x * vector  from  earth  center  to  user  position 
* vector  from  earth  center  to  satellite  1 
b « user  clock  phase  bias  (multiplied  by  the  speed  of  light). 

The  variable  r.  has  „ termed  a pseudo-rcn^  . . It  does  not  conform  to  Euclidean  distance  because 
of  the  additional  term  b.  Given  four  Independen*  pseudo-ranges,  one  can  solve  for  the  user  position  and 
time.  When  more  than  four  pseudo-ranges  are  available  and/or  noise  is  Introduced  Into  the  measurements,  the 
oeterim nation  of  * becomes  a process  of  cpttWi  esttimtloh. 

An  Iterative  solution  for  user  position  can  be  defined  as  follows  where  matrix  notation  will  be  em- 
ployed for  convenience;  matrices  will  be  denoted  by  capital  letters: 

(xj.xj.xj)1  * user  coordinates  In  a reference  coordinate  frame 
and 

. o, 

*1  * 's11,s12,s13)t  » satellite  coordinates  In  the  reference  coordinate  frame 


(3-2) 


The  four  simultaneous  pseudo-range  measurements  are  then  given  by 

m1  » [(S1  - X)T  (S1  - X)]  % + b - b1  + P<  (1  = 1.2.3.4) 

where  p^is  the  noise  and  bj  the  satellite  clock  phase  bias  In  measurement  1. 

4U  at. 

Let  the  direction  cosine  of  the  1in  measurement  vector  along  the  j n coordinate  be  defined  by 


Then,  defining  the  geometric  matrices 
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11  = ^ ^11*  V 1 2 * y 13'^ 
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the  user  state  and  the  measurement  matrices  are 
7 = rxi»X2*x3’b"| 

(1X4)  L 1 L J -1 

M * (m, ,m-,m,,m4)T 
(1X4)  1 1 J 4 


the  augmented  satellite  state  matrix  Is 

s * (sJ,b1,s5.b2,s5,b3,sJ,b4)T 

(1X16) 


and  the  noise  matrix  Is 

P • (P1.P2.P3.P4)7 
(1X4)  1 1 i * 

thus  permitting  the  following  matrix  equation  to  be  written  In  place  of  Eq.  (3-2): 

GY  - BS  - M + P (3-4) 

The  minimum  variance  estimate  of  Y,  assuming  no  statistical  a priori  Information,  Is  then: 

A . a 

Y « G’1  (BS  - M)  (3-5) 

where  l Is  an  estimate  of  S. 

A A 

Since  G and  B are  functions  of  system  geometry  and  therefore  Y,  an  Iterative  solution  for  Y Is  Indicated. 
However,  sufficiently  accurate  Initial  estimates  of  T will  generally  be  available  and  only  a few  Iterations, 
at  most,  will  be  required. 

The  covariance  matrix  for  the  error  4 Y In  the  estlmste  of  Y from  Eq.  (3-5)  Is 

co v 6Y  - (G7  R* 1 G)"1  «(gT  [b(cov  6S)B7  + cov  p]  _1  G)*1  (3-6) 

where  Eq.  (3-h  defines  the  matrix  R and  IS  ■ S - ?. 

GDOP  (geometric  dilution  of  precision)  Is  calculated  by  setting  the  total  range  measurement  error 
covariance  matrix  R (consisting  of  satellite  position  error  ard  measurement  error)  equal  to  the  Identity 
matrix,  resulting  In 

cov  6Y  - (GT  G)"1  (3-7) 

The  G00P  factor  Is  then  defined  as  the  square  root  of  the  projection  of  cov  6Y  onto  the  user  coordinate 
of  Interest. 

If  variances  o\  and  correlations  p are  assumed  for  R,  the  result  Is 
r r 

cov  6 X ■ w^(l  - p ) (GT  G)-1  (3-8) 

upper  left  hand  3X3 
cov  ob  ■ o*  p ♦ (1  - p ) (G7  G)_14x4 


(3-9) 


Thus,  the  corresponding  standard  deviation  In  the  user  coordinate  Is  obtained  by  multiplying  the  GDOP  factor 
by  o'  (1  - p ) . For  the  clock  bias  this  GDOP  multiplier  Is  only  valid  for  uncorrelated  errors  ( p * o). 

If,  In  fact,  quantities  a and  p can  be  found  which  produce  user  coordinated,  variances  closely  approximating 
the  variances  produced  by  error  source  modeling,  then  the  quantity  a (1  - p y Is  termed  the  user  equivalent 
ranging  error  (UERE).  Under  these  conditions,  system/user  geometry  Is  characterized  by  GDOP  factors  and 
pseudo-ranging  errors  by  UERE. 

riguie  S sno»r»  the  cutriuiat*! rt  pnA*MYUj  flVStrtturtltm  tuntVfoT,  for  the  UUm  fatten  a.trtig  Itie  .atV.cV 
axis  and  tho  GIK1P  factor  for  radial  error  In  the  horizontal  >lane  for  GPS  tince  In  fact  ';atell1t»  tui- 
tion error  projections  and  atmospheric  refraction  modeling  errors  are  geometry  dependent,  the  GDOP/UERE 
concept  is  only  an  approximation.  GDOP  considerations  tend  to  Indicate  Ideal  satellite  locations  consisting 
of  one  directly  overhead  and  three  equally  spaced  near  the  horizon.  Since  tropospheric  and  Ionospheric 
become  larger  near  the  horizon,  this  is  not  truly  optimal  for  minimizing  user  error.  However,  atmospheric 
errors  are  only  a portion  of  the  total  pseudo-ranging  error  and  GDOP  is  still  a reasonable  figure  of  merit, 
particularly  on  a statistical  basis. 

The  if  jot  tffcf  wfcfttartkfA  W,  tsm  *f  ;JRi  we  £ttmi  It,  IM/le  ' fcf 

both  single  and  dual  frequency  receiver  users.  It  Is  currently  anticipated  that  all  users  demanding  high 
accuracies  will  use  dual  frequency  calibration.  A less  sophisticated  model  will  be  available  for  users 
not  requiring  precise  ionospheric  delay  calibration. 

Total  system  errors  have  been  calculated  for  worldwide  population  averaged  over  24  hours.  The  expected 
single  measurement  horizontal  and  vertical  distributions  are  shown  in  Figure  6. 

For  the  system  accuracy  results  shown  In  Figure  6,  the  satellite  position  errors  and  signal  propagation 
errors  are  modeled  in  terms  of  variances  and  correlations  to  provide  the  required  covariance  matrix  R. 

The  following  sections  discuss  the  errors  contributed  by  the  Ionosphere. 

4.  IONOSPHERIC  SIGNAL  DELAY  AND  DEGRADATION 


A translonospheric  RF  slgna1  experiences  an  excess  delay  over  the  free  space  propagation  time  between 
a satellite  and  a subionospherlc  receiver.  The  excess  time  delay  Is  proportional  to  the  number  of  free 
electrons  encountered  along  the  signal  path.  The  integration  number  of  electrons  encountered  per  unit 
area  is  commonly  referred  to  as  the  total  electron  content  (TEC).  For  the  GPS  system,  TEC  Is  measured  In 
units  of  nanosecond  cf  signal  delay  at  1.6  GHz.  For  frequencies  above  200  MHz,  the  delay  Is  essentially 
Inversely  proportional  to  the  square  of  the  frequency.  This  frequency  dependence  Is  the  basis  for  using 
the  dual -frequency  measurements  to  calibrate  the  Ionosphere  delay. 

In  addition  to  signal  delay  by  TEC,  there  are  several  types  of  Ionospheric  dlstrubances  wMch  can  cause 

IVjm}  dclti  ane  fetrattUoft.  knetffaht  4Vunfcetm  tir  tx  zuut  4 pMgntlt  turn  (M t#  %t-tt 

activity.  During  a severe  storm,  TEC  Increases.  Although  the  magnitude  of  TEC  Increase  may  not  be  predict- 
able by  a single-frequency  user,  such  storms  are  Infrequent  and  those  associated  with  geomagnetic  distur- 
bances are  often  predictable  hours  to  days  In  advance.  Traveling  ionospheric  disturbances  are  produced 
by  auroral  activity  and  nuclear  explosions.  Their  short  duration  and  Infrequent  occurrence  limit  their 
role  In  GPS  considerations.  Scintillations  are  high-frequency,  noise-like  amplitude  and  phase  fluctuations 
of  the  received  signal  which  have  been  detracted  by  Irregularities  In  the  eler;,o„  density  distribution. 
AffatttfL,  tjstrm  wit*  carrier  frrc,n*'<.t*s  a*  i i>r.  Ureal  vtulll  tier.  Vi  (tr  tH  »tt 

serious  problem  In  translonospheric  propagation. 

The  effects  of  TEC  time  delay  and  of  signal  scintillation  are  discussed  In  subsequent  sections. 

5.  TOTAL  ELECTRON  CONTENT  MODELS 

Vo  ttf  fwtktlari  for  fm/mtf  mn  1?  tr*  fUte,  tt  U wwm  to 

TEC  to  currently  measured  and  predicted  parameters,  time  of  day  and  season,  geographic  location  and 
satellite-user  geometry. 

Between  1969  and  1972,  a series  of  studies  were  undertaken  to  demonstrate  the  feasibility  of  modeling 
the  Ionospheric  delay  to  accuracies  commensurate  with  GPS  requirements  using  generally  available  Ionospheric 
parameter  inputs. 


Five  different  studies  were  unoertaken,  either  at  USAF  request  or  under  USAF  contract.  The  evaluations 
of  the  models  developed  In  those  studies  were  made  using  Faradav  rotation  data  taken  over  mid-latitude 
North  America  and  Hawaii.  An  HF  signal  propagating  In  the  earth's  magnetic  field  splits  Into  two  modes 
of  slightly  different  frequency  with  different  phase  speeds.  This  causes  the  plane  of  polarization  to 
rotate  about  the  wave  path.  TEC  Is  essentially  proportional  to  the  Faraday  rotation  angle.  Two  errors  are 
Inherent  In  this  technique;  perhaps  the  highest  10  percent  of  the  electrons  In  the  upper  Ionosphere  do 
not  contribute  measurably  to  the  rotation  angle,  and  the  constant  of  proportionality  Is  not  known  precisely. 


In  all  nf  the  studies,  TEC  was  converted  to  the  vertical  TEC  above  the  ground  station  by  an  obliquity 
factor,  which  is  a function  cf  elevation  angle  and  mean  Ionospheric  height.  The  latter  was  assumed  con- 
stant, and  does  not  Induce  significant  errors  for  the  domain  considered. 


ft  preltffi'rrrary  Vtl  model  wts  developed  by  3.  WBWffltT  etifl  f.  MYeh  IT.  the  fttf  ftrrct  leTrtbfW$e  TtesWft* 
Laboratories  (Ref.  2).  The  model  was  constructed  from  Faraday  rotation  data,  taken  at  the  Sagamore  Hill 
Radio  Observatory  near  the  solar  cycle  maximum,  and  analytically  predicted  TEC  as  a function  of  measured 
or  predicted  values  of  f F,,  which  Is  the  lowest  radio  frequency  that  car,  normally  penetrate  the  dominant 
F,  layer  of  the  Ionosphere:  The  model,  applicable  only  near  the  time  ard  location  of  the  data  gathering, 
served  to  demonstrate  the  feasibility  of  analytic  Ionospheric  delay  modeling  with  a relatively  simple  ana- 
lytic function  depending  only  on  f F-.  When  this  model,  which  amounted  to  a smoothing  of  the  original  data, 
was  used  to  predict  TEC,  overall  rms>rrors  of  1 to  4 nsec  were  encountered. 
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The  goal  of  the  next  four  studies,  performed  between  1970  and  1972,  was  to  determine  the  predictability 
of  the  total  vertical  electron  content  of  the  ionosphere  in  the  mid-latitude  Western  Hemisphere  by  evaluat- 
ing derived  models  against  NASA  Faraday  rotation  data.  These  data  were  available  for  a number  of  stations 
and  time  periods,  including  maximum  and  minimum  of  a solar  cycle. 

Stanford  l.iiversity  used  the  Faraday  rotation  data  to  synthesize  a TEC  model  over  reference  stations 
where  large  quantities  of  data  exist  and  to  determine  geographical  extrapolation  functions  for  other  stations 
(Ref.  3).  A commonly  predicted  solar  activity  Index  Is  required  as  input.  Values  predicted  by  this  process 
were  compared  to  conve  ted  Faraday  rotation  measurements,  with  overall  residuals  at  the  various  evaluation 
stations  lying  between  2.7  and  6.8  nsec. 

The  University  of  Illinois  Ionospheric  model  used  a weighted  sum  of  near-real -time  measurements  and 
measurement  residuals  at  other  observation  locations  to  predict  the  value  at  the  evaluation  stations  (Ref. 

4).  When  measurement  residuals  are  used,  the  predicted  value  and  weighting  coefficients  require  prior  ac- 
cumulation of  data  over  the  geographic  region  of  Interest  to  determine  estimates  of  residual  statistics 
and  running  monthly  means.  Both  approaches  produced  rms  residuals  of  1.2  to  13  nsec. 

The  Applied  Physics  Laboratory  (API)  at  Johns  Hopkins  Unlverlsty  constructed  a predictive  model  based  on 
assumed  electron  density  altitude  profiles  constructed  from  Independent  analytical  and  empirical  studies 
and  requiring  commonly  available  predicted  Ionospheric  parameters  as  Input  (Ref.  5).  The  resulting  evalu- 
ation rms  residuals  range  from  1.5  to  12  nsec. 

"V.  bfcft  4onc*,f lit* ' ' nudfe'  wtA  J&we’opei  fur  V,W  eti<l  •»  b«*4  or,  e tfVNRNMItan  C* 

bottomslde  and  topside  Ionosphere  soundings  taken  over  the  1960's  (Ref.  6).  An  Ionospheric  electron  density 
altitude  profile  was  established  from  these  data  that  requires  two  commonly  available  Ionospheric  parameters. 
(Tl.is  ffiofltl  eu.strutlluT,  and  Dirt  of  A.\  an.  tompVtAtb  li,4eVfcT,j*i,l.  tl  tin.  trvaV.rtAVov  data',.  The  TJWi 
evaluation  of  this  model  (by  Or.  3ent)  produced  overall  rms  residuals  between  2.6  and  8.8  nsec,  depending 
on  the  evaluation  station. 

The  accuracies  resulting  from  these  models  (without  real-time  updates)  are  summarized  In  Figure  7. 

These  studies  served  to  validate  the  concept  of  Ionospheric  modeling  In  the  North  America  and  Hawaii  domain. 

The  difficulties  with  the  modeling  approach  for  calibrating  the  Ionospheric  delay  are: 

a.  A large  amount  of  data  must  be  transferred  to  the  satellite  and  to  the  user  to  provide  a sufficiently 
accurate  model . 

b.  The  model  cannot  accommodate  Ionospheric  disturbances  without  near-real -time  update  data,  an  opera- 
tion Inconsistent  with  current  system  operations. 

c.  Model  errors  will  also  depend  strongly  on  time  of  day,  geographic  location  and  satellite  evaluation 
angle. 

For  users  requiring  less  than  full  system  accuracy  and  using  less  sophisticated  equipment,  a simplified 
moue-’.  appwWMfWl  be  «r*  hn  beet  Matched  Ptr  ftoee  1 eftetatton  The  frwiMWW  Wa 

should  be  sufficient  to  describe  a model  which  eliminates  50  to  60  percent  of  the  Ionospheric  delay.  More 
recently,  global  Ionospheric  models,  developed  for  geophysical  research  have  features  whlcn  would  overcome 
some  of  the  above  difficulties  (Ref.  7,  8,  and  9).  It  seems  rather  clear  that  Ionospheric  models,  no  matter 
how  complex,  are  Incapable  of  predicting  the  smaller  scale  structures  of  the  Ionosphere.  While  Ionospheric 
models  may  be  required  for  th-  single  frequency  user,  the  dual  frequency  calibration  technique,  discussed 
in  the  next  ifcttUi,  will  KUvlae  $U|<ei  lor  perto  nuance  tor  ustr  requiring  the  ultimate  In  accuracy. 

6.  DUAL  FREQUENCY  RECEIVERS 

From  the  dispersion  relation  of  a high  frequency  electromafnetlc  wave  In  plasma,  It  Is  sufficiently  ac- 
table for  L-tend  signet*  In  Hp’.ketwmt  tc  thamteeUe  the  fteqaentj  deixfcbenw  of  the  VontapherU 
delay  In  terms  of  the  Inverse  squared  frequency.  Thus,  two  L-band  frequencies  can  be  used  to  calibrate 
the  Ionospheric  delay  In  GPS.  These  two  frequencies  must  be  transmitted  coherently  and  must  be  sufficiently 
separated  In  frequency.  The  equations  determining  the  calibration  accuracy  are  derived  below. 

The  pseudo-range  equation  provides 

m1  » p + d + (K/f^)  * n1 

where 

m,|  » measured  pseudo-range  In  channel  1 
p * true  pseudo-range  (Including  user  clock  bias) 

d * pseudo-range  uncertainties  Independent  of  frequency  and  receiver  noise 
K ■ parameter  proportional  to  total  electron  content  along  with  measurement  path 
fj  ■ signal  frequency  In  channel  1 
n^  ■ receiver  noise  In  channel  1 

Ignoring  d and  assuming  measurements  are  made  In  two  channels,  permits  K to  be  eliminated  algebraically  to 
obtain 


1-6 


(6-1) 


P = (itij  - nj)  + F ^(mj  - Dj)  - (mg  - r>p)J 


F ■ - f|) 

The  second  term  In  Eq,  (6-1)  comes  from  the  solution  for  K,  whereas  the  first  term  would  occur  even  if  K 
were  known  precisely  and  a single  channel  measurement  is  used. 

Since  the  user  does  not  know  n^  (by  definition),  the  estimate  of  p will  be 

p * mj  + F(mj  - mp)  (6-2) 

The  error  6 P In  the  user  estimate  Is  then 
• p = 9 - P ■ n.  + p(n 

1 - n2)  (6-3) 

Note  that  n^  and  n2  will  be  correlated. 

If  n,  and  n2  have  equal  standard  deviations  of«r  , and  a correlation  factor  p , the  standard  deviation 
In  pseudo^range  error  Is  0 . 

r , /obt,  f,\2  , ^ 14 


P ■ {CTn  + 


n (1  -p) 


^ \f2  ' A)  J 

The  first  term  In  brackets  represents  the  contribution  due  to  single  channel  measurement  error.  The  second 
torm  arises  from  the  Ionospheric  calibration  process  alone.  Using  the  current  values  for  the  two  transmitted 
frequencies  in  GPS  L,  ■ 1.575  GHz  and  L2  » 1.227  GHz,  the  relative  contributions  of  these  two  sources  are 
Indicated  In  Figure  8.  The  sensltlvlty^of  the  delay  calibration  to  the  selection  of  the  secondary  frequency 
L?  is  also  shown.  For  the  selected  frequencies  this  figure  shows  that  the  total  receiver  measurement  error 
is  approximately  2.6  times  the  single  channel  measurement  error  for  p - o. 

Although  the  Ionospheric  delay  Is  not  exactly  proportional  to  tne  inverse  of  the  frequency  squared, 
higher  order  terms  will  be  a negligible  source  of  error.  More  detailed  discussions  of  the  dual  frequency 
receiver  ionospheric  delay  calibration  are  given  In  Refs.  10  and  11. 

7.  SUMMARY 

In  conclusion,  we  know  that  the  Ionosphere  produces  position  errors  at  L-band  frequencies  which  can  be 
significant  for  high  precision  users  (as  much  as  20  feet).  The  use  of  Ionospheric  modeling  techniques  can 
reduce  the  effects  of  these  errors  by  50  - 75  percent.  One  method  of  determining  In  real-time  the  degradation 
and  delay  due  to  Ionospheric  effects  Is  the  use  of  a dual  frequency  receiver.  Two  frequency  calibration 
effectively  reduces  the  Ionospheric  problem  to  a small  noise  number.  An  additional  benefit  Is  that  GPS 
will  allow  large  scale  mapping  and  modeling  of  the  Ionosphere. 
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TABLE  1 

User  Requirement  Classes  and  Applications 


ACCURACY 

USER 

DYNAMICS 

IMMUNITY  TO 
ELECTROMAGNETIC 
JAMMING 

TYPICAL 

USER 

HIGH 

MEDIUM 

HIGH 

PHOTO  RECONNAISSANCE 

HIGH 

HIGH 

MEDIUM 

HELICOPTER 

(LOW  COST) 

MEDIUM 

(IMMUNITY  TO  NATURAL 
EMI) 

GENERAL  ENROUTE 
NAVIGATION 

HIGH 

LOW 

HIGH 

LAND  VEHICLE 

MEDIUM 

LOW 

HIGH 

GROUND  TROOP 

HIGH 

LOW 

MEDIUM 

SHIP 

TABLE  2 
Error  Budget 


SOURCE 

CONTRIBUTION 

- m (lcr-l 

SINGLE FREOUENCY 

EPHEMERIS 

1.5 

1.5 

SATELLITE  CLOCK  AND  ELECTRONICS 

0.9 

0.9 

TROPOSPHERE  MODEL 

1.5 

1.5 

IONOSPHERE  MODEL 

4.9 

- 

RECEIVER  NOISE 

1.5 

2.4* 

MULTIPATH 

1.2 

1.8* 

RSS 

5.7 

3.8 

Increase  due  to  noise  propagation  from  second  frequency  measurement 
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Fig.7  Results  of  modeling  studies 


User  Receiver  Measurement  Error 

FREQUENCY  DEPENDENCE 


Fig.8  Frequency  dependence  of  receiver  measurement  error 


PLASMASPHERIC  SIGNAL  TIME-DELAY  EFFECTS  IN  SATELLITE  NAVIGATION  SYSTEMS 
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U.S.  Army  Electronics  Command,  Fort  Monmouth,  NJ  07703 
United  States  of  America 


SUMMARY 


A satellite  navigation  concept  requires  determination  of  time-delays  that  satellite 
signals  experience  when  traversing  the  distance  between  satellite  and  observer.  A pulse 
propagating  this  distance  is  slowed  down  by  an  amount  directly  proportional  to  the  total 
number  of  free  electrons  along  its  path.  Ranging  accuracy  requirements  mandate  compensa- 
tion for  this  additional  signal  delay. 

The  total  electron  content  (TEC)  for  high-orbit  satellites  includes  the  ionospheric 
as  well  as  plasmaspheric  electron  content. 

The  ATS-6  Radio  Beacon  Experiment  provides  the  opportunity  to  determine:  the  iono- 

spheric content  (up  to  heights  of  'v-lSOO  km)  by  means  of  the  Faraday  rotation  technique; 
the  total  content  (from  observer  to  satellite)  by  means  of  the  dispersive-group-delay  tech- 
nique; and  the  plasmaspheric  content  (the  difference  between  the  two). 

Since  delay-time  modeling  efforts  to  date  have  been  based  on  TEC  obtained  by  the 
Faraday  rotation  technique,  the  plasmaspheric  delay  is  not  compensated  for  and  thus  com- 
prises a source  of  error.  In  an  effort  to  determine  the  magnitude  of  this  error,  obser- 
vations of  plasmaspheric  content  were  performed  at  a midlatitude  station,  an  auroral  sta- 
tion and  a station  in  the  vicinity  of  the  geomagnetic  equatorial  anomaly.  Diurnal,  day- 
to-day,  and  latitudinal  variations  of  the  contents  were  observed.  The  ratio  of  the  plas- 
maspheric-to-ionospheric  contents,  which  determines  the  corrections  that  must  be  applied 
to  the  present  modeling  scheme,  varied  substantially  from  day  to  night. 

Introduction 


A global  satellite-navigation  concept  (Parkinson,  1974)  requires  that  the  user  must 
measure  the  time-delay  experienced  by  satellite-emitted  signals  in  traversing  the  distance 
between  satellite  and  user.  Simultaneous  measurements  of  the  propagation  time  of  signals 
originating  from  four  different  satellites  permit  the  user  to  determine  his  position  and 
clock  bias  if  satellite  epnemerides  and  signal  propagation  velocity  are  known. 

A pulsed  signal  propagating  through  the  ionosphere  is  slowed  down  somewhat  from  its 
free  space  velocity,  thus  resulting  in  an  apparent  range  that  is  larger  than  the  equiva- 
lent free-space  range.  The  difference  between  the  apparent  range  and  the  true  range, 
or  between  the  true  velocity  and  the  free  space  velocity,  is  the  quantity  needed  to  im- 
prove range  accuracy.  Either  of  these  quantities  are  directly  proportional  to  the  total 
electron  content  (TEC)  along  the  path  of  the  propagating  signal.  Thus,  if  the  total  elec- 
tron content  is  known,  or  is  measured,  a perfect  correction  to  ranging  can  be  performed. 
The  total  electron  content  may  be  measured  in  real  time,  provided  the  user  has  dual-fre- 
quency capabilities  (Burns  § Fremouw,  1970).  However,  a substantial  reduction  in  the 
cost  of  user  equipment  could  be  realized  if  the  navigation  system  utilized  only  one  fre- 
quency. Then  time  delays  due  to  TEC  would  have  to  be  determined  through  empirical  modeling 
techniques  (Bent,  et  al.,  1975;  Klobuchar,  1975)  based  on  existing  and  future  global  elec- 
tron content  data.  The  appropriate  delay  corrections  would  be  transmitted  to  the  user 
via  the  navigation  signal. 

The  Radio  Beacon  Experiment  (Davies,  et  al.,  1972;  Soicher,  1975)  aboard  the  geosta- 
tionary Applied  Technology  Satellite  ATS-6  permits  the  determination  of  TEC  by  two  inde- 
pendent methods.  The  first--the  Faraday  polarization  rotation  technique--has  been  widely 
used  in  obtaining  TEC  data.  Faraday  rotation  is  a terrestrial-magnetic-field  dependent 
phenomenon.  Since  its  magnitude  is  heavily  weighted  near  the  earth,  it  is  considered 
to  provide  integrated  electron  content  values  for  altitudes  below  ^1500  km.  The  second-- 
the  dispersive-group-delay  technique,  in  which  the  phase  of  the  modulation  envelope  be- 
tween a carrier  and  its  sideband  is  compared  at  two  frequencies--is  independent  of  the 
terrestrial-magnetic-field  and,  hence,  yields  the  integrated  electron  content  between 
the  observer  and  the  satellite-signal  source.  The  Faraday  content,  Np,  and  the  disper- 

sive-group-deiay  content,  Np,  therefore,  yield  the  total  electron  content  up  to  ''-1500 
km  and  geostationary  altitudes,  respectively.  The  difference  between  Np  and  Np  yields 
the  content  above  ^1500  km,  which  is  referred  to  as  the  plasmaspheric  content,  Np. 
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To  date,  delay-time  modeling  efforts  have  been  based  on  TEC  obtained  by  the  Faraday  rota- 
tion technique.  Hence,  the  delay  due  to  the  plasmaspheric  electron  content  has  not  been 
accounted  for.  Since  the  navigation  satellite  system  under  consideration  will  utilize 
satellites  at  ^20,000  km,  the  signals  will  be  slowed  down  by  free  electrons  in  both  the 
ionosphere  and  the  plasmasphere.  Thus  the  corrections  for  TEC  supplied  by  a model  based 
on  the  Faraday  technique  will  not  adequately  compensate  for  the  total  signal  time  delay. 

This  paper  aims  to  present  the  magnitude  of  the  ionospheric  and  plasmaspheric  time  delay 
values  at  midlatitude  stations,  an  auroral  station,  and  at  a station  in  the  vicinity  of 
the  geomagnetic  anomaly  during  the  quiet  phase  of  the  solar  cycle. 

THE  DATA 

The  ATS-6  Satellite  was  launched  into  a geostationary  orbit  in  May  1974.  During  Phase 
1 of  its  operation,  when  the  satellite  was  located  at  94“N,  the  U.S.  Army  Electronics 

Command  operated  observation  stations  at  Fort  Monmouth,  NJ  (40.18°N,  ?4.06°W);  Richmond, 

Florida  (25.60°N,  80,40°W);  and  Sao  Paulo,  Brazil  (23.50°S,  46.50°W).  In  May  1975,  the 
satellite  was  moved  to  35°E  for  Phase  II  of  its  operation.  During  this  phase,  the  obser- 
vation stations  were  moved  to  Haifa,  Israel  (32.87°N,  35.09°E)  and  Kiruna,  Sweden  (61.84°N, 

20.41°E).  In  August  1976,  the  satellite  was  moved  to  its  final  parking  position  at  ,vl340W, 
with  some  of  the  observation  stations  being  reactivated  and  others  being  established. 

The  Faraday  observations  were  performed  with  the  140  MHz  satellite  beacon  emissions. 

The  dispersive-group-delay  observations  were  performed  with  the  140  MHz  and  360  MHz  bea- 
cons modulated  with  sideband  displacement  of  Af  = +1  MHz. 

The  daily  variations  in  vertical  TEC  measured  by  the  Faraday  technique  and  by  the 
dispersive-group-delay  technique  at  Kiruna,  Sweden  for  Oct.  75  are  shown  in  Figs.  1 and 
2,  respectively.  The  equivalent  signal-delay-times  normalized  to  a frequency  of  1.6  GHz, 
which  is  in  the  satellite  navigation  band,  are  also  indicated  in  these  figures.  The  monthly 
mean  of  Np  varied  from  a predawn  minimum  of  'vl.3  TEC  units  (1  TEC  unit  = 10^  e/m^)  to 
a maximum  of  ^.S  TEC  units  at  'ellOO  UT.  The  monthly  mean  of  Np  varied  from  a predawn 
minimum  of  2.9  TEC  units  to  a maximum  of  ^11.5  TEC  units,  which  also  occurred  at  1100 
UT.  The  monthly  standard  deviation  of  Np  varied  from  a predawn  minimum  of  k0.2  TEC  units 
to  a maximum  of  -v<2  TEC  units  at  ^1215  UT.  The  monthly  standard  deviation  for  Np  varied 
from  ,'<0.6  TEC  units  to  1.9  TEC  units  at  the  same  times. 

The  daily  variations  in  the  vertical  plasmaspheric  content,  Np,  at  Kiruna  for  Octo- 
ber 1975  are  shown  in  Fig.  3.  In  general,  the  diurnal  behavior  of  Np  appears  similar 
t0  that  of  Np  and  Np,  i.e.,  the  content  increased  during  the  day  and  decreased  at  night. 

The  TOnlhlj'  msft  it  %p  TO*  a*-  a nil  inu  pritl  Ifl  wUbtght  Ukd  fit  0 maximum  at  'v.1300  UT, 

(between  'vO.9  TEC  units  and  -\-2.2  TEC  units).  This  was  different  from  the  behavior  of 
Np  at  a midlatitude  station  (Soicher,  1976),  The  monthly  standard  deviation  of  Np  varied 
from  \0,4  TEC  units  to  'v-0,8  TEC  units. 

The  daily  variations  of  the  plasmaspher ic-to-ionospheric  content  ratio  (Np/Np)  at 
Kiruna  for  Oct.  75  are  shown  in  Fig,  4,  The  monthly  average  for  this  ratio  varied  from  "V19I 
(just  prior  to  noon)  to  ,v<120l  (just  prior  to  sunrise).  The  ratios  dropped  abruptly  at 
sunrise,  reached  a minimum  in  the  morning  hours,  from  whence  it  increased  gradually  until 

increased  abiaptl/  at  ul3u  UT,  Tills  abrupt  ;>*eddHii  jkiic.edse  in  the  istiu  is  atecuuuled 
for  by  the  decrease  in  Np  during  that  period,  while  Np  remained  unchanged,  thus  increasing 
Np,  Since  Np  is  sensitive  to  changes  in  density  distributions  whereas  Np  is  not,  the 

4ft  the  1 aiiv  indicate  that  dating  Hit  f t+dtwn  upwtt-J  friction  I luxes  *ete 

generated  by  temperature  increases.  The  electrons  streamed  into  higher  altitudes  where 
they  were  no  longer  counted  by  the  Faraday  rotation  method,  thus  decreasing  Np.  Np,  how- 
ever, was  unaffected  by  this  redistribution,  since  its  electrons  were  still  counted  by 
the  dispersive-group-delay  method.  Since  some  of  the  Np  electrons  transferred  into  the 
plasmasphere,  an  increase  in  Np  was  also  noticed.  The  increase  in  Np  and  the  simultaneous 

decrease  in  Np  caused  the  abrupt  increase  in  their  ratio  just  prior  to  dawn.  The  abrupt 
decrease  in  the  ratio  after  dawn  was  due  to  ionospheric  electron  production  buildup. 

Since  production  and  loss  processes  are  insignificant  at  plasmaspheric  heights  and  Np 
is  varied  by  diffusive  fluxes  to  and  from  the  ionosphere,  the  effects  of  sunrise  on  the 
ionosphere  are  much  larger  than  on  the  plasmasphere,  resulting  in  the  sharp  decrease  of 
the  ratio  during  that  period. 


The  daily  variations  of  the  plasmaspheric-to-total  content  ratio  (Np/N,p)  for  Kiruna, 
Sweden  for  October  1975  are  shown  in  Fig.  5.  The  behavior  of  this  ratio  is  similar  to 
that  of  Np/Np  shown  in  Fig.  4.  The  mean  monthly  average  varied  from  VL61  just  prior  to 
noon  to  e.521  just  prior  to  sunrise. 

In  order  to  determine  the  time-delay  correction  at  an  arbitrary  geographic  location, 
time  of  day,  and  season,  the  modeling  base  must  include  data  from  a global  network  of 
stations  operating  continuously.  The  following  comparative  data  is  presented  for  three 
world  ionospheric  regions:  the  high  latitude,  the  midlatitude  and  the  South  Atlantic  anom- 
alous regions. 

Figures  6 and  7 depict  a comparative  mean  monthly  variation  of  TEC  measured  by  the 
Faraday  technique  at  Fort  Monmouth,  Richmond,  and  Sao  Paulo  for  February  1975  and  May  1975, 
respectively.  The  solar  zenith  angle  dependence  of  TEC  is  shown  in  the  relative  values 
of  TEC  recorded  at  the  two  northern  hemispheric  midlatitude  stations.  The  comparatively 
higher  TEC  values  recorded  at  Sao  Paulo,  even  if  seasonal  effects  are  ignored  (compare 
Figs,  6 and  7),  were  due  to  the  passage  of  the  ray  path  from  satellite  to  observer  through 
the  Equatorial  Anomaly  region.  At  equatorial  regions,  ionospheric  plasma  which  move  up- 
ward from  an  imposed  E-W  electric  field  diffuses  downward  again,  but  obliquely,  along 
the  geomagnetic  lines  of  force.  Instead  of  returning  to  the  source,  the  plasma  arrives 
at  two  places:  one  to  the  south  and  one  to  the  north  of  the  equator.  The  electron  content 
:s  then  depleted  at  the  magnetic  equator,  but  is  enhanced  at  the  anomalous  regions.  The 
relatively  higher  TEC  values  for  February  as  compared  to  May,  confirm  topside  sounder 
results  (Eccles  § King,  1969),  that  the  anomaly  content  crests  are  larger  in  the  summer 
hemisphere.  In  addition,  the  ray  path  was  in  the  vicinity  of  the  South  Atlantic  Anomaly 
region  where  the  magnetic  field  is  abnormally  weak  and  the  loss  of  radiation  belt  particles 
is  rapid,  TEC  enhancements  are  attributed  to  ionization  produced  by  the  precipitating 
energetic  trapped  electrons  that  mirror  low  in  the  anomaly  (Zmuda,  1966;  DeMendonca,  1965). 

The  comparative  variation  of  TEC  at  a midlatitude  station  and  at  a station  near  the 
auroral  zone  is  shown  in  Fig.  8 for  Oct,  197S.  The  consistently  higher  TEC  values  at 
Haifa  were  due  to  solar  zenith  angle  influence  on  TEC,  The  passage  of  the  ray  path  from 
Kiruna  to  the  satellite  through  the  density  trough  (Muldrew,  1975;  Liszka,  1966)  was  also 
responsible  for  the  observed  depressed  TEC  values. 

Finally,  the  comparative  variation  of  the  plasmaspheric  electron  content,  Np,  at  Fort 
Monmouth  and  Sao  Paulo  during  May  1975  is  shown  in  Fig,  9.  In  general,  the  mean  monthly 
values  of  Np  at  both  stations  lay  between  ''-I  and  ^2  TEC  units.  The  mean  diurnal  varia- 
tion at  Sao  Paulo  indicates  that  Np  had  higher  values  during  the  day  than  during  the  night.. 
The  times  of  Np  enhancement  were  close  to  those  at  which  the  equatorial  anomaly  is  formed 
and  maintained  (Eccles  6 King,  1969),  while  the  times  of  Np  depression  corresponded  to 
disappearance  of  the  anomaly.  It  is  therefore  possible,  that  during  the  formation  of 
the  anomaly  and  during  its  maintenance,  the  plasmaspheric  and  the  ionospheric  electron 
densities  are  increased. 

CONCLUSIONS 


uata  1 1 urn  tht  kadio  ceacon  L*pei  iureut  oi  the  AlS-'b  has  yielded  iftiurmatiOTi  oh  Vne 
magnitude  and  variations  of  ionospheric  and  plasmaspheric  contents  at  midlatitude,  auroral, 
and  equatorial  regions.  The  group-path-delay  of  a navigation  signal  caused  by  free  elec- 
trons in  the  plasmasphere  cannot  be  neglected  when  compared  to  the  delay  due  to  the  iono- 
sphere. The  group-path-delay  prediction  models  currently  available  are  based  on  Faraday 
data,  which  do  not  adequately  compensate  for  the  total  delay.  During  the  night  at  an 
auroral  station  they  may  fee  off  in  the  mean  by  -vl 20%  while  during  the  day  by  ^20i,  At 
a midlatitude  station,  they  may  be  off  by  more  than  1001  at  night  and  by  'uUt  during  the 
day.  For  a station  in  the  vicinity  of  the  equatorial  anomaly,  they  may  be  off  by  more 
than  1001  at  night  and  by  less  than  101  during  the  day.  Fortunately,  the  highest  ratio 
of  plasmaspheric  to  ionospheric  delay  times  occur  at  night  when  the  total  time  delay  (the 
quantity  of  interest)  is  small.  The  relatively  small  magnitude  of  the  diurnal,  day-to- 
day,  and  seasonal  variation  of  Np  suggests  that  present  ionospheric  models  may  be  corrected 

by  adding  a constant  offset  (say  an  average  monthly  value  of  Np)  to  the  ionospheric  values. 

The  data  reported  here  was  taken  during  the  quiet  phase  of  the  solar  cycle.  During 
such  a phase,  the  total  group  delay  is  generally  small,  and  modeling  schemes  yield  cor- 
rections within  the  accuracy  requirements  of  the  proposed  navigation  systems.  It  remains 
to  be  seen,  however,  if  the  observed  absolute  values  of  the  plasmaspheric  content,  or 
The  observed  ratio  of  plasmaspheric-to-total  delays,  will  be  larger  during  the  maximum 
phase  of  the  solar  cycle.  If  such  ratios  are  maintained  during  the  maximum  of  the  cycle, 
neglecting  the  plasmaspheric  content  will  cause  errors  which  exceed  the  accuracy  require- 
ments of  the  navigation  system. 
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Fig.l  Total  ionospheric  (Faraday)  electron  content  (NF)  at  1 5-minute  intervals  at  Kiruna,  Sweden,  October 
(left  ordinate:  1 TEC  unit  = 10“  e/m2 ; right  ordinate:  signal  delay  normalized  to  1.6  GHz) 
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Fig. 2 Total  (group  delay)  electron  content  (NT)  at  15-minute  intervals  at  Kiruna,  Sweden,  October  1975 
(left  ordinate:  1 TEC  unit  = 10“  e/m2 ; right  ordinate:  signal  delay  normalized  to  1.6  GHz) 
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Fig.3  Total  plasmaspheric  content  (NP)  at  15-minute  intervals,  Kiruna,  Sweden,  October  1975 
(left  ordinate:  1 TEC  unit  = 1014  e/m2 ; right  ordinate:  signal  delay  normalized  to  1.6  GHz) 
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Fig.4  Ratio  of  plasmaspheric-to-ionospheric  contents  (Np/Np)  at  Kiruna,  Sweden,  Octobei  1975 
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DISCUSSION 


T.R. Larsen,  Norwegian  Defence  Research  Establishment,  Kjeller,  Norway 

Did  you  have  any  measurements  of  NT  during  severe  ionospheric  disturbances?  (incl  PCA  events  if  available) 

Author’s  Reply 

Yes.  A magnetic  storm  has  definite  effect  on  the  ionospheric  and  plasmaspheric  electron  contents.  Following 
toVnafi  rnrmig»giii.aT  tW~l  wjCh iujti tenia iTiiTr--*  rur,i^nn,Jvi||jp  i*j  a fi  m fi  ui  I.hm  t followed  bj?  a 
drastic  decrease  in  the  contents  which  last  for  a few  days.  The  response  of  the  contents  to  magnetic  storms  depends 
on  geomagnetic  location,  phase  of  the  diurnal  variation,  and  intensity  of  storm. 


IONOSPHEIIC  TIME  DELAY  CORRECTIONS 

55r 

ADVANCED  SATELLITE  RANGING  SYSTEMS 


J.  A.  Klobuchar 

Air  Force  Geophysics  Laboratory 
Air  Force  Systems  Command 
Hanscom  AFB,  MA  01731 


SUMMARY 


As  the  requirements  for  greater  positioning  accuracy  for  satellite  ranging  systems 
have  increased  the  time  delay  produced  by  the  ionosphere  has  become  a more  important 
consideration  over  most  of  the  world.  For  some  advanced  ranging  systems  advantage  can  be 
taken  of  the  fact  that  the  ionosphere  is  a dispersive  medium  and  the  ionospheric  contri- 
bution to  range  error  can  be  nearly  eliminated  by  the  use  of  two  relatively  widely  spaced, 
system  operating  frequencies.  For  other  systems  only  a narrow  operational  band  of 
frequencies  can  be  utilized,  and  yet  the  ionospheric  range  error  is,  at  times,  the  great- 
est source  of  system  range  error.  For  these  systems  numeric  model  representations  of  the 
ionospheric  range  error  are  generally  used.  The  complexity  and  the  need  for  real  time 
update  of  these  numeric  models  are  a function  of  the  user's  requirements  and  his  available 
computer  resources.  In  this  pacer  some  general  comments  are  made  concerning  ionospheric 
time  delay  models  and  a specifi  algorithm  designed  for  the  single  frequency  user  of  the 
NAVSTAR-Global  Positioning  System  (GPS)  is  described  in  detail. 


1.  INTRODUCTION 


As  the  requirements  for  greater  positioning  accuracy  for  satellite  ranging  systems 
over  most  of  the  world  have  increased,  the  time  delay  produced  by  the  ionosphere  has 
become  a more  important  consideration.  For  some  advanced  ranging  systems  advantage  can 
be  taken  of  the  fact  that  the  ionosphere  is  a dispersive  medium  and  the  ionospheric  contri- 
bution to  range  error  can  be  nearly  eliminated  by  the  use  of  two,  relatively  widely  spaced, 
system  operating  frequencies.  For  other  systems  only  a narrow  operational  band  of  fre- 
quencies can  be  utilized  and  yet  the  ionospheric  range  error  is,  at  times,  the  greatest 
source  of  system  range  error.  For  these  systems  numeric  model  representations  of  the 
ionospheric  range  error  are  generally  used.  The  complexity  and  the  need  for  real  time 
update  of  these  numeric  models  are  a function  of  the  user's  requirements.  In  this  paper 
some  general  comments  are  made  concerning  ionospheric  time  delay  models  and  a specific 
algorithm  designed  for  the  single  'frequency  user  of  the  NAVSTAR/Global  Positioning  System 
(GPS)  is  described  in  detail. 


2.  IONOSPHERIC  MODEL  REPRESENTATION 

2.1  Model  Choice 

For  systems  which  cannot  utilize  the  dispersive  characteristics  of  the  ionosphere  by 
operating  with  two,  widely  spaced  frequencies  to  independently  measure  and  subtract  the 
ionospheric  tine  delay,  some  type  of  numeric  model  representation  of  ionospheric  time  delay 
is  generally  utilized.  For  systems  operating  over  a restricted  geographic  region,  such  as 
a satellite  detection  radar,  which  can  typically  view  approximately  15  degrees  of  earth 
centered  angle  around  the  radar  station,  the  numeric  model  can  be  a sub-model  of  a world- 
wide representation.  That  is,  it  can  utilize  fewer  coefficients  than  a world-wide  model 
and  the  coefficients  can  be  tetter  adapted  to  the  ionospheric  gradients  known  to  exist 
ov®t  a particular  station.  Also,  model  updates  can  be  made  by  near-real-time  measurements 
of  an  ionospheric  F2  region  parameter  at  some  point  near  the  radar.  If  only  a single- 
value measurement  is  available  the  numeric  model  is  generally  unchanged  in  shape,  but 
modified  only  in  absolute  value,  by  the  percentage  ratio  between  the  actual  measurement 
and  the  model  at  the  particular  ionospheric  location  of  the  measurement.  If  several 
measured  values  are  available  the  model  gradients,  as  well  as  the  absolute  values,  can  be 
changed.  Other  systems  may  not  require  a state  of  the  art  ionospheric  time  delay  model, 
er  may  not  be  able  to  incorporate  the  full  model  imto  the  system  because  of  software  and 
system  operation  constraints. 

2.2  NAVSTAR/GPS  Ionospheric  Model 

The  Global  Positioning  System,  GPS,  will  offer  a precise  positioning  service  to  within 
a few  feet  rms,  on  a global  basis,  to  United  States  Department  of  Defense  users.  The  time 
delay  effects  of  the  ionosphere,  which  can  be  up  to  300  feet  in  satellite  range  for  this 
system,  are  reduced  to  the  same  magnitude  as  the  other  sources  of  system  error  by  the  use 
of  two  L-band  frequencies  from  which  the  ionospheric  contribution  to  range  is  measured. 

Many  system  users  may  have  only  single  frequency  navigation  capability,  however,  and,  for 
this  class  of  user,  a simple,  minimum  sized  algorithm  of  world-wide  ionospheric  time  delay 
has  been  developed.  This  algorithm  which  requires  only  eight  coefficients,  corrects  for 
approximately  50  percent  of  the  ionospheric  range  delay  on  a world  wide  rms  basis.  A 
state  of  the  art  ionospheric  numeric  representation  was  not  made  available  for  single 
frequency  GPS  users  due  to  the  large  number  of  coefficients  and  relatively  complex  com- 
putations required  to  be  performed  by  the  user.  Even  a state  of  the  art  ionospheric  time 


delay  model  wojld  not  satisfy  the  system  operational  requirements  at  times;  thus,  users 
who  require  the  greatest  accuracy  at  all  times  must  use  the  two  frequency  capability  of 
the  GPS.  Those  users  who  do  not  utilize  the  GPS  two  frequency  capability  will  still  have 
the  availability  of  a minimum  sized  algorithm  which  will  correct  for  more  than  one-half 
of  the  rms  ionospheric  range  error. 


3.  CHARACTERISTICS  OF  IONOSPHERIC  TIME  DELAY 


The  ionospheric  time  delay  is  directly  proportional  to  the  total  electron  content 
rlong  the  path  between  the  satellite  and  the  user.  Total  Electron  Content  (TEC)  is  a 
function  of  many  variables;  among  them  are  local  time,  season,  geographic  location, 
and  state  of  solar  and  magnetic  activity.  The  TEC  is  highest  in  most  regions  of  the 
world  within  a few  hours  of  local  noon  and  is  greatest  at  regions  located  approximately 
plus  and  minus  20  degrees  away  from  the  geomagnetic  equator.  This  equatorial  anomaly 
region,  as  it  is  called,  is  the  region  of  the  world  where  single-frequency  GPS  users 
will  encounter  the  greatest  errors.  Statistics  of  daily  velues  of  TEC  from  individual 
stations  ranging  from  auroral  to  equatorial  locations  show  that  the  rms  difference 
from  the  monthly  mean  values  during  the  midday  hours  is  approximately  20  to  30  percent. 
Thus,  an  accurate  specification  of  the  monthly  mean  values  alone  will  represent  an 
elimination  o*  70  to  80  percent  (rms)  of  the  ionospheric  error.  The  problem,  then, 
is  how  to  best  represent  the  monthly  mean  behavior  of  ionospheric  time  delay,  particularly 
during  those  times  of  the  day  and  in  those  regions  of  the  world  when  the  time  delay  is 
greatest,  using  the  minimum  number  of  coefficients  and  computation  time. 


4.  DESIGN  OF  THE  ALGORITHM 


The  model  algorithm  was  designed  to  meet  several  criteria.  First,  it  was  designed 
to  fit  best  during  those  times  of  the  day  when  the  ionospheric  delay  is  the  largest, 
that  is,  during  the  afternoon  period.  Second,  it  was  designed  to  have  versatility  in 
the  coeffici.-nt  array  so  that  tradeoffs  can  be  made  in  the  number  of  coefficients  used 
to  represent  the  latitude  dependence  and  che  coefficients  can  be  weighted  for  the 
latitudes  of  greatest  interest,  such  as  the  Continental  United  States  (CONUS). 
Alternatively,  the  coefficients  can  be  weighted  for  best  fit  in  those  geographic  locations 
where  the  time  delays  are  greatest,  namely  the  regions  located  approximately  plus  and 
minus  20  degrees  either  side  of  the  geomagnetic  equator.  Finally,  the  model  was  simplified 
by  making  approximations  to  geometry,  wherever  possible,  to  make  its  computer  running 
time  shorter  and  storage-space  requirements  smaller. 

The  available  experimental  values  of  TEC  from  which  time-delay  values  are  obtained 
are  not  sufficient,  by  themselves,  to  form  the  basis  of  a world  wide  time-delay  model, 
However,  there  are  sufficient  TEC  data  to  yield  important  information  on  the  statistical 
behavior  of  time  delay  for  locations  representative  of  several  regions  of  the  world.  The 
available  data  also  show,  quite  well,  the  diurnal  behavior  of  TEC  for  various  seasons 
and  solar-flux  values.  These  data  have  been  used  to  determine  the  form  of  the  diurnal 
algorithm  and  they  have  been  supplemented  with  the  Bent  model  (Llewellyn  and  Bent,  1973) 
representation  for  those  regions  where  actual  data  were  not  available,  particularly  for 
the  shape  of  the  latitude  gradient. 

S.  MODEL  ALGORITHM 


The  average  monthly  diurnal  behavior  of  time  delay  at  any  location,  as  a function  of 
time  of  day,  has  been  represented  by  a simple  positive  cosine  wave  dependence,  with  an 
additional  constant  offset  which  we  shall  call  the  DC  term.  In  Figure  1 two  examples 
of  actual  ionospheric  time-delay  (T„)  data  are  shown  with  a best-fit  ccsine-type  curve 
representation  of  each  set  of  actual  data  included.  While  the  cosine  curve  is,  of  course, 
not  a perfect  fit  to  the  actual  data,  it  can  be  made  to  fit  reasonably  well  during  the 
maximum  of  the  day  when  the  absolute  T values  are  greatest.  The  cosine  function  used 
is:  8 

T » PC  ♦ A cos  ^ ~ ^ 2 n 
, “ P 

where  DC,  A,  ♦,  and  P are  the  four  parameters  required  to  obtain  a complete  diurnal 
representation  of  T.  at  any  location.  Only  the  positive  half  of  the  period  of  the 
cosine  curve  is  use*  in  this  simple  representation;  thus,  when  the  absolute  value  of 
the  quantity  (t  - 4)2x/P  becomes  greater  than  90  degrees,  Tg  is  represented  only  by  the 
DC  term. 

The  simple  positive  cosine  representation  of  the  actual  T£  is  designed  to  fit  best 
near  the  hours  of  maximum  T . The  fit  near  sunrise  and  well  after  sunset  is  expected 
to  be  poor;  however,  duringgthese  times  the  absolute  value  of  T is  much  smaller  than 
near  the  peak  of  the  diurnal  curve.  The  lower,  later  nighttime8values  are  represented 
only  by  the  constant  DC  term. 

A check  of  the  cosine  diurnal  fit,  as  compared  with  the  actual  monthly  mean  values, 
for  a few  months  representative  data  from  eight  different  TEC  observing  stations,  revealed 
that  the  cosine  algorithm  was  within  approximately  10  percent  of  the  actual  24-hr  rms  error. 


As  a further  computation  efficiency,  since  the  cosine  diurnal  dependence  is  used 
only  for  the  positive  half  of  the  waveform,  the  first  two  terms  of  the  cosine  expansion 
are  used  instead  of  the  actual  eosine  function  itself.  Thus,  the  algorithm  becomes: 


T * DC  ♦ A 

f. 

where 


x ■ (t  - ♦)2v 
P 


x2  ♦ x4 


24 


(2) 


and  t is  local  time  at  the  ionospheric  point. 

The  error  between  the  expansion  and  the  actual  cosine  reaches  a maximum  of  0.02A 
at  the  points  where  it  just  intersects  the  DC  value.  Since  the  cosine  fit  is  too  low 
at  these  points,  the  series  approximation  to  the  cosine  is  actually  slightly  better 
than  the  cosine. 

Other  forms  of  diurnal  algorithms,  such  as  a Gaussian  suggested  by  Antoniadis  and 
daRosa  (private  communication)  and  a statistical  F distribution  have  been  considered. 
The  2-term  expansion  of  the  cosine  was  chosen  as  a reasonable  compromise  of  accuracy 
versus  algorithm  difficulty. 


6.  GEOMETRY  CALCULATION  REQUIREMENTS 


In  determining  the  TEC,  ionospheric  time  delay,  from  a user  location  to  a satel- 
lite, several  geometrical  calculations  must  be  made.  The  TEC  must  be  found  at  the 
geographic  point  where  the  ray  path  intersects  the  mean  ionospheric  height,  rather 
than  at  the  user  location.  This  point  is  taken  here  at  a mean  height  of  350  kilometers. 
For  a satellite  at  the  lowest  elevation  considered  here,  5 degrees,  this  point  is 
approximately  14  degrees  of  earth  angle  away  from  the  user  location.  The  obliquity, 
or  slant  factor,  also  must  be  calculated  for  the  mean  ionospheric  location.  Finally, 
since  the  TEC  is  best  ordered  in  geomagne - ic , rather  than  geodetic  coordinates,  the 
assumption  is  made  that  the  TEC  is  only  a function  of  geomagnetic  latitude  and  local 
time.  Any  two  points  on  the  earth  having  the  same  geomagnetic  latitude  are  assumed  to 
have  the  same  TEC  at  the  same  local  time.  Thus,  a conversion  to  geomagnetic  latitude 
is  required,  and  a calculation  is  made  of  local  time  at  the  geodetic  longitude  of  the 
sub-ionospheric  location.  If  the  exact  form  of  all  the  necessary  geometry  calculations 
is  used,  the  computer  time  used  would  be  greater  than  that  required  for  the  TEC 
algorithm  itself.  Therefore,  in  the  derivation  of  these  geometrical  functions, 
simplifying  assumptions  were  made  in  many  cases  to  reduce  the  calculation  complexity. 

A discussion  of  each  of  the  steps  in  the  geometry  and  the  simplifying  assumptions 
follows. 

6.1  Earth  Angle 

The  ionospheric  time  delay  is  computed  at  the  point  where  the  ray  from  the  satel- 
lite intersects  the  ionosphere,  rather  than  at  the  observer.  For  an  observer  located 
near  the  earth's  surface  looking  at  a satellite  at  5 degrees  elevation,  the  ionospheric 
intersection  location  is  approximately  14  degrees  of  earth-centered  angle  from  the 
observer.  If  the  satellite  is  located  along  the  observer's  meridian  at  5 degrees 
elevation  angle,  the  14  degree  latitude  difference  can  represent  a significant  gradient, 
particularly  near  the  equatorial  anomaly.  If  the  14  degree  earth  angle  is  all  in  long- 
itude, at  40  degrees  latitude,  this  represents  a time  difference  of  1.2  hours,  during 
which  time  the  ionospheric  time  delay  could  have  changed  considerably. 

The  exact  earth  angle  representation  is: 

A - 90  - el  - Z (3) 


where 
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(.948  cos  el) 


for  a mean  ionospheric  height 
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of  350  km.  A useful  approximation 


A 


445 

el  ♦ 20 


4 


i s 


(R.S.  Allen, 

(4) 


private 


In  Figure  2 both  the  actual  and  the  approximate  earth  angle  calculations  versus  satel- 
lite elevation  angle  are  given.  This  approximation  is  less  than  0.2  degrees  in  error 
for  all  elevations  greater  than  10  degrees.  It  is  off  by  only  0.4  degrees  and  0.3 
degrees  at  elevations  of  5 and  0 degrees,  respectively. 


6.2  Ionospheric  Geodetic  Latitude  and  Longitude 


Given  the  station  coordinates,  elevation  angle,  and  earth  angle  to  the  ionospheric 
point,  its  coordinates  Bay  be  found  by  the  following: 


{ sin  4 cos  A ♦ cos 


♦o  sin  A cos  az  } , (5) 


A.  ■ A ♦ sin 
I o 


sin : A sin , az  , 
cos  ‘ 


(6) 


where  ♦0  is  the  station  latitude,  A is  the  station  longitude.  If  a flat  earth  app.ox- 
imation  is  used  the  following  s implificat ion  can  be  Bade  to  the  above  two  equations: 


♦i  ' *0 

♦ A cos  az 
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In  Figure  3 the  geometry  of  the  ionospheric  location  calculations  is  illustrated.  At 
latitudes  of  40  degrees  and  equatorward,  the  naximun  error  of  these  approximations  is 
approximately  1 degree.  At  60  degrees  latitude,  errors  in  determining  ionospheric 
latitude  reach  a maximum  of  -3  degrees  at  5 degrees  elevation  angle  for  a few  azimuths. 
Ionospheric  longitude  errors  reach  only  2 degrees  at  the  same  location  and  direction. 

At  high  latitudes  above  75  degrees  an  ionospheric  latitude  equal  to  the  observer  loca- 
tion is  recommended,  regardless  of  observer's  elevation  angle.  Time  delays  at  these 
latitudes  are  generally  much  lower  and  more  highly  variable  than  in  the  equatorial  and 
mid-latitude  regions.  Thus,  the  time  delay  errors  introduced  by  neglecting  the 
conversion  from  user  position  to  mean  ionospheric  position  above  75  degrees  will  not 
significantly  increase  the  overall  worldwide  rms  errors  of  the  model. 


6.3  Conversion  from  Geodetic  to  Geomagnetic  Latitude 


Ionospheric  time  delay  is,  to  an  approximation,  best  ordered  by  geomagnetic,  rather 
than  geographic  latitude.  Thus,  it  is  necessary  to  perform  a transformation  from 
geodetic  to  geomagnetic  latitude.  In  this  representation  there  is  no  true  longitude 
dependence  of  ionospheric  time  delay,  only  that  which  comes  about  due  to  the  differences 
between  geomagnetic  and  geodetic  latitudes  as  a function  of  longitude.  The  transforma- 
tion from  geodetic  to  geomagnetic  latitude',  assuming  that  the  earth's  magnetic  field 
can  be  represented  by  an  earth  centered  dipole,  is  given  by  (Davie:  ,.  1966): 


sin  * ■ sin  $ sin  $p  ♦ cos  4 cos  4p  cos  ( A - Ap  ) , (9) 


where 

4p  ■ 78 . 3*N 
Ap  • 291. 0*E 


The  approximation 


4 - 4 ♦ 11.6*  cos  ( A - 291  ) (10) 

represents  the  exact  form  to  within  1 degree  at  all  geomagnetic  latitudes  equatorward  of 
+40  degrees  geomagnetic  latitude.  At  geomagnetic  latitude  up  to  165  degrees,  it  is 
within  12  degrees.  Figure  4 is  a numeric  representation  of  the  error  of  the  approxima- 
tion to  geomagnetic  latitude.  Over  the  entire  CONUS  region  the  error  in  the  approxi- 
mate form  is  less  than  1 degree. 

6.4  Finding  Local  Time 

Given  the  universal  time  and  the  approximate  longitude  of  the  ionospheric  point, 

Aj , the  local  time  at  the  ionospheric  point  is  simply: 
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(11) 


If  t is  greater  than  24,  make  t ■ t 


24  hours. 


6.5  The  Obliquity  Factor 


The  vertical  time  delay  at 
obliquity  factor  defined  as  the 
height.  An  average  ionospheric 
or  slant  factor  is: 


the  sub-ionospheric  point  must  be 
secant  of  the  zenith  angle  at  the 
height  of  350  km  is  assumed.  The 


multiplied  by  an 
mean  ionospheric 
exact  obliquity 


(12) 


SF  * sec  { sin"1  £.948  cos  elj  } 

An  approximation  which  is  within  2 percent  of  the  exact  value  for  elevation  angles  from 
S*  to  90*  is: 

SF  - 1 . 2 [“5*-!*]  ! ■ <”> 

The  approximation  saves  3 trigonometric  functions  at  the  expense  of  finding  the  cube  of 
a number.  Both  the  exact  and  the  approximate  slant  factors  are  shown  in  Figure  S. 


7.  ALGORITHM  LATITUDE  COEFFICIENTS 


The  four  coefficients  used  in  the  time  delay  algorithm  are  all  functions  of  lati- 
tude, season,  solar  flux,  and  magnetic  activity.  A complete  representation  of  all 
these  variables  in  each  of  the  coefficients  would  be  complex  indeed,  if  even  possible. 
What  has  been  done  here  is  to  address  only  the  monthly  average  latitude  dependence  of 
each  of  these  four  coefficients  for  various  seasons  of  a solar  maximum  year  when  the 
highest  ionospheric  time  delays  are  expected.  Possible  methods  of  determining  the 
daily  variation  of  the  algorithm  coefficients,  or  of  simply  including  a daily  update 
factor,  are  discussed  in  a later  section  of  this  report. 

7.1  The  DC  Term 

The  DC  term  in  the  model  algorithm  represents  the  nighttime  behavior  of  the  ion- 
osphere. Recent  evidence  from  combined  Faraday  and  group-delay  measurements  from 
signals  transmitted  from  the  geostationary  satellite,  ATS-6,  shows  that  the  Faraday  data, 
which  is  really  representative  only  of  TEC  up  to  approximately  2000  km  of  vertical 
height,  is  considerably  in  error  in  the  nighttime.  The  Bent  model  also  was  integrated 
in  vertical  height  only  up  to  2000  km.  The  new  group-delay  data  available  thus  far  show 
a nearly  constant  additional  TEC  above  the  TEC  normally  measured  by  the  Faraday  effect. 
Thus,'  with  this  model  representation  it  is  a simple  matter  to  increase  the  DC  term  to 
account  for  the  additional  electrons  not  measurable  by  the  Faraday  Effect. 

The  magnitude  of  the  DC  term  versus  latitude  is  shown  in  Figures  6 and  7.  Since 
the  DC  term  is  generally  much  smaller  than  the  amplitude  term.  A,  it  may  be  sufficient 
to  represent  its  latitude  dependence  by  a simple  linear  dependence  with  geomagnetic 
latitude  either  side  of  a reference  latitude,  or  by  a single  constant  for  all  latitudes. 
In  the  final  algorithm  for  the  GPS  the  DC  term  was  represented  by  a constant  S nano- 
seconds for  all  latitudes  and  times. 

7.2  The  Amplitude  Term 

The  amplitude  of  the  cosine  fit  is  the  most  important  term  in  the  algorithm,  and 
is  the  most  highly  variable  with  latitude,  season,  and  solar  flux.  To  closely  repre- 
sent the  amplitude  term  as  a function  of  geomagnetic  latitude  several  coefficients  arc 
required.  From  Figures  6 and  7 the  amplitude  dependence  with  geomagnetic  latitude  can 
be  seen.  Note  that  the  CONUS  region  extends  approximately  from  3S*N  to  55*N  geomagnetic 
latitude.  It  is  obvious  from  the  curves  in  Figures  6 and  7 that  no  single,  fixed  shape 
will  match  the  latitude  dependence  of  the  amplitude  term.  Therefore,  it  is  necessary 
to  use  some  form  of  polynomial  representation  1: or  the  latitude  dependence  of  amplitude. 
Because  of  the  numerous  inflection  points  in  the  curve  for  some  seasons  a polynomial  of 
degree  5 or  6 is  necessary  to  obtain  a close  fit.  However,  if  the  equatorial  minimum 
in  the  amplitude  term,  which  is  particularly  obvious  during  the  equinoxes,  is  smoothed 
over,  a third-degree  polynomial  can  do  a fair  job  of  representing  the  amplitude 
behavior  versus  geomagnetic  latitude. 

7.3  The  Phase  of  the  Diurnal  Variation 

Happily,  the  phase  term  in  the  ionospheric  time-delay  algorithm  is  not  a highly 
variable  function.  A plot  of  the  phase  term  for  a northern  midlatitude  station,  for  all 
the  monthly  averages  of  a six-year  period  covering  from  solar  maximum  to  well  down 
towards  the  solar  minimum,  revealed  that  the  phase  of  the  diurnal  maximum  rarely  changed 
more  than  plus  and  minus  one  hour  from  a moan  of  14  hours  local  time.  Results  from  the 
Bent  model,  in  Figures  6 and  7,  and  from  actual  monthly  mean  TEC  data  from  several 
stations,  show  that  the  phase  lies  between  12.5  and  15.5  for  most  of  the  latitude  range 
covering  the  mid  and  equatorial  latitudes.  Therefore  a constant  value  of  14  hours 
local  time  was  taken  for  the  phase  of  the  diurnal  variation.  If  a particular  sub-model 
is  required  for  a limited  geographic  region,  perhaps  some  improvement  can  be  made  by 
making  the  phase  a function  of  time  of  the  year;  but,  in  this  attempt  at  a worldwide 
representation,  a constant  value  for  all  latitudes  and  seasons  is  deemed  adequate. 

7.4  The  Diurnal  Period 

The  period  of  the  diurnal  cosine  representation  is,  of  course,  not  fixed  at  24 
hours.  In  fact  it  is  nearly  always  significantly  higher  than  24  hours  and  is  a function 
of  geomagnetic  latitude  and  season  as  shown  in  Figures  6 and  7.  As  is  the  case  with  the 
amplitude  term,  a third-degree  polynomial  with  geomagnetic  latitude  was  used  as  the 
function  to  represent  the  latitude  dependence  of  the  cosine  period  term.  Again,  the 


equatorial  anomaly  region  will  not  be  perfectly  represented  by  a third-degree  polynomial 
but,  the  fit  should  be  adequate. 


8.  OPERATIONAL  MODEL  USE 


The  eight  coefficients  required  for  the  ionospheric  time  delay  algorithm  will  be 
transmitted  down  the  satellite  to  user  link,  along  with  the  necessary  orbital  elements 
of  the  satellite.  Each  coefficient  will  have  approximately  one  percent  digitization 
accuracy.  The  geometric  calculations  and  necessary  software  to  utilize  the  ionospheric 
time  delay  coefficients  will  be  an  integral  portion  of  the  complete  user  software 
package . 

The  coefficients  are  to  be  iploaded  into  each  satellite  once  each  day  by  the 
satellite  master  control  facility.  Initially,  coefficients  will  represent  ten  day  mean 
conditions  for  a relatively  small  range  of  solar  flux  conditions  made  up  well  in  advance 
from  existing  model  representations  of  ionospheric  time  delay.  After  the  system  becomes 
operational  the  capability  will  exist  within  the  system  to  generate  its  own  ionospheric 
coefficients  by  using  measured  values  of  time  delay  from  two  frequency  receivers 
located  at  the  various  satellite  monitoring  stations.  Because  of  the  relatively  small 
number  of  coefficients  required  to  represent  the  ionospheric  time  delay  it  is  also 
possible  to  load  the  entire  initial  coefficient  set  for  all  seasons  and  solar  fluxes  on 
a Read-Only-Memory  specifically  made  for  this  purpose.  A 2S6X8  chip  could  conveniently 
hold  all  the  necessary  coefficients. 


9.  ACCURACY  OF  THE  ALGORITHM 


The  algorithm  of  ionospheric  time  delay  was  tested  against  actual  values  of  iono- 
spheric TEC  available  for  490  station  months  for  a total  of  18  stations  covering  a 
representative  portion  of  the  globe  and  both  solar  maximum  and  minimum  conditions. 

Figure  8 shows  the  distribution  of  stations  and  times  from  which  data  were  used  for 
model  tests.  Notice  that  a significant  portion  of  the  data  is  from  regions  other  than 
the  mid-latitudes  and  that  many  parts  of  the  world  are  represented  in  the  available  data 

Summary  statistics  of  ionospheric  time  delay  for  each  station  for  all  available 
hours  and  seasons  were  computed  in  units  of  rms  error  in  nanoseconds  at  1.6  GHz.  Also, 
the  residual  rms  error  for  each  station  after  correction  by  use  of  the  time  delay 
algorithm  was  computed.  These  summary  results  are  shown  in  Figure  9 with  the  dashed 
line  indicating  the  uncorrected  ionospheric  time  delay  and  the  solid  line  representing 
the  residual  time  delay  after  correction.  Two  stations  are  shown  in  more  than  one 
column  in  Figure  9 because  the  actual  ionospheric  TEC  data  available  from  the  station 
came  from  more  than  one  satellite  and  are  from  different  time  periods. 

The  correction  of  the  algorithm  for  the  entire  490  station  months  gave  an  overall 
rms  reduction  of  the  ionospheric  time  delay  of  62  percent.  This  is  when  the  model  was 
used  against  monthly  mean  TEC  data.  When  the  62  percent  correction  is  combined  with  the 
approximate  25  percent  rms  deviation  of  the  actual  data  from  the  monthly  mean  the 
overall  improvement  is  approximately  55  percent.  Thus,  the  goal  of  a 50  percent 
algorithm  correction  has  been  met. 


10.  CONCLUSIONS 


Military  systems  ranging  accuracy  requirements  will  become  greater  with  improved 
satellite  detection  radars  and  with  the  implementation  of  the  NAVSTAR/Global  Positioning 
System.  As  these  accuracy  requirements  become  greater  the  ionosphere  will  become  a 
greater  potential  system  error  source  unless  the  time  delay  effects  of  the  ionosphere 
are  accounted  for  by  means  of  appropriate  models  or  real  time  measurements  with  a two- 
frequency  operational  system.  Also,  different  ionospheric  correction  schemes  will  have 
to  be  developed  for  each  type  of  system  to  maximize  the  efficiency  of  the  correction 
process.  Realistic  tradeoffs  must  be  made  between  ionospheric  correction  accuracy  and 
computer  resources  devoted  to  implementing  the  ionospheric  correction.  Consideration 
must  be  given  to  real  time  ionospheric  monitoring  for  those  single  frequency  systems 
which  require  greater  than  70  to  80  percent  ionospheric  correction.  Corrections 
greater  than  approxiuately  90  percent  rms  will  probably  be  beyond  the  capability  of 
real  time  correction  unless  it  is  incorporated  as  part  of  the  system  by  using  a widely 
spaced  two  frequency  scheme. 

An  example  of  an  ionospheric  correction  model  algorithm  designed  for  a specific 
system,  the  NAVSTAR/Global  Positioning  System,  when  used  iri  a single  frequency  mode, 
has  been  described  in  detail. 


APPROXIMATION  TO  EARTH  ANGLE,  A 

Figure  2.  Approximation  to  Earth  Angle,  A. 
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APPROXIMATIONS  TO  FINDING  SUB  - IONOSPHERIC  COORDINATES 

Approximations  to  geometrical  calculations  for  finding  sub- ionospher i c 
coordinates . 


Figure  3. 
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Figure  4.  A plot  of  the  error  in  the  approximation  of  the  geographic  to  geomagnetic 
coordinate  conversion.  Errors  less  than  one  degree  are  left  blank. 
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APPROXIMATION  TO  SLANT  FACTOR,  2 

Figure  5.  Approximation  to  slant  factor,  SF . 


COSINE  MODEL  COEFFICIENTS  ( BENT  MODEL) 


Figure  6.  Geomagnetic  latitudinal  variation  of  the  cosine  model  coefficients  for 
March  1969,  a solar  maximum  year. 
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COSINE  MODEL  COEFFICIENTS  ( BENT  MODEL) 


gure  7.  A comparison  of  the  geomagnetic  latitudinal  variation  of  the  cosine  model 

coefficients  for  March  of  the  solar  minimum  year  1964  with  the  solar  maximum 
year  of  1969. 
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DISTRIBUTION  OF  AVAILABLE  MONTHLY  AVERAGE  TEC 
DATA  BY  STATION  AND  MONTH 


* l: 


Figure  8.  Distribution  of  times  and  locations  when  monthly  average  The  data  were 
available  for  algorithm  testing. 
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Figure  9.  Results  of  ionospheric  time  delay  algorithm  by  station.  Dotted  line 
indicates  overall  r.m.s.  error  for  each  station  with  no  ionospheric 
correction.  Solid  line  indicates  remaining  ionospheric  error  after 
application  of  algorithm. 


DISCUSSION 


G.H.Miliman,  General  Electric  Company,  Syracuse.  New  York  13201,  USA 

You  mentioned  that  range  correction  can  be  accomplished  to  an  accuracy  of  50%.  Have  you  examined  techniques 
to  attain  a higher  accuracy? 

Author’s  Reply 

Yes.  Certainly  more  complex  techniques  giving  greater  accuracy  exist;  but,  in  the  tradeoff  between  number  of 
coefficients  versus  accuracy  we  believe  we  are  nearly  optimum. 


H.Soicher,  US  Army  Electronics  Command,  Fort  Monmouth,  NJ  07703,  USA 

Time  delay  errors  at  Station  B may  be  updated  by  continuous  observation  at  Station  A with  measurement  capabi- 
lities. Have  any  attempts  been  made  to  determine  the  geographic  extent  of  separation  of  A and  B for  which  a good 
correlation  exists? 

Author’s  Reply 

This  correlation  distance  is  a function  of  season  of  the  year;  but,  generally  it  is  of  the  order  of  1 000  miles.  This  is  for 
the  average  of  several  hours  of  values.  Instantaneous  values  do  not  correlate  well,  even  at  much  shorter  distances  as 
the  scale  size  of  traveling  ionospheric  disturbances  is  of  the  order  of  100  kilometers  wavelength  and  they  limit  the 
short  term  predictability. 


G.H.Miliman 

The  range  connection  required  is  dependent  upon  the  particular  system  in  question.  For  example,  for  a radar  system 
which  requires  high  range  accuracy,  it  may  be  necessary  to  utilize  a combination  of  correction  techniques  such  as 
incoherent  scatter  or  transit  satellite  emissions  in  conjunction  with  an  average  prediction  model. 

Author’s  Reply 

True.  One  of  the  reasons  we  chose  only  an  approximate  50%  error  reduction  was  that,  due  to  the  impossibility  of 
updating  except  once  per  day,  real  time  measurements  do  little  good  for  this  system.  For  systems  which  require 
more  accurate  models,  they  are  available,  but  with  large  computer  resource  requirements,  which  give  from  70  to  80% 
ionospheric  correction.  Measurements  at  the  actual  location  of  the  required  correction  can  improve  upon  this, 
providing  they  are  not  more  than  1 or  2 hours  old. 


TRANSIT  SATE  LUTE  OBSERVATIONS  OF 
IONOSPHERIC  IRREGULARITIES 
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George  H.  Millman 
General  Electric  Company 
Syracuse,  New  York  13201,  USA 

and 


Roy  E.  Anderson 
General  Electric  Company 
Schenectady,  New  York  12301,  USA 


SUMMARY 


The  characteristics  of  the  phase  fluctuations  imposed  by  ionospheric  irregularities  on  the  150-  and  400-MHz 
coherent  frequencies  emanating  from  the  polar -orbiting  U.  S.  Navy  Navigation  Satellites  (TRANSIT)  are  evaluated  in 
terms  of  the  phase  coherence  of  ionospheric  propagation.  The  observations  were  conducted  at  the  General  Electric 
Radio-Optical  Coservatory  (geographic  coordinates:  42.  85‘N,  74.  07*W)  during  the  three  day  perjod  immediately  fol- 
lowing the  severe  magnetic  disturbance  of  April  21-22,  1970. 

In  addition  to  the  differential  phase  measurements,  the  two  signal  amplitudes  were  also  recorded  throughout 
the  orbital  passes. 

From  the  second  derivative  with  respect  to  time  of  the  differential  phase  fluctuations,  an  estimate  is  made  of 
the  nonlinear  phase  shift  introduced  by  the  ionosphere. 

For  an  assumed  altitude  of  the  irregularities,  estimates  are  made  of  the  overall  spatial  extent  of  the  inhomo- 
geneities producing  the  phase  and  amplitude  fluctuations. 

By  correlating  the  Radio-Optical  Observatory  data  with  the  differential  phase  and  150-MHz  amplitude  meas- 
urements recorded  simultaneously  at  the  Lincoln  Laboratory  - Millstone  Hill  facility  (geographic  coordinates:  42.  62*N, 
71.  36°W)  during  the  April  23-25,  1970  period,  the  two-dimensional  spatial  configuration  of  the  irregularities  respon- 
sible for  the  perturbations  are  deduced. 

From  the  differential  phase  data,  the  characteristics  of  the  equatorward  edge  of  the  midlatitude  trough  are 
evaluated. 

A correlation  is  made  of  the  equatorward  edge  of  the  trough  with  the  equatorward  edge  of  the  phase  and  ampli- 
tude scintillation  regions. 

1.  INTRODUCTION 

The  detection  and  tracking  of  satellites  at  great  distances  by  ground  based  radars  can  be  accomplished  utilizing 
either  extremely  high-power  transmitters  or  the  coherent  Integration,  i.  e. , predetetion  integration,  of  many  pulse  re- 
turns. To  achieve  coherent  integration  which  is  used  to  enhance  the  reflected  signal -to-system  noise  ratio,  phase  co 
herence  is  required  from  pulse  to  pulse.  The  sources  of  phase  instability  are  the  radar  equipment,  the  target  configur- 
ation and  the  propagation  medium.  The  phase  instability  of  the  ionosphere  which  is  the  only  source  discussed  in  this 
paper  is  brought  about  by  irregularities  of  electron  density. 

Ionospheric  irregularities  can  also  influence  the  limits  of  resolution  and  accuracy  of  systems  that  depend  on 
the  transmissions  of  radio  frequency  signals  between  satellites  and  the  earth's  surface.  The  effects  must  be  considered 
for  systems,  such  as  satellite-borne-synthetic  aperture  radars  and  navigation  satellite  systems,  operating  at  frequenclei 
up  to  approximately  3000  MHz. 

In  the  case  of  a synthetic  a)*.rture  radar  ^ ,se  coherence  is  retired  to  attain  the  desired  resolution.  The 
term,  synthetic  aperture,  refers  to  the  large  effective  antenna  aperture  achieved  by  a vehicle-borne  side-looking  radar 
that  records  data  in  a coherent  mode  as  the  vehicle  moves.  Coherent  detection  and  processing  of  many  sequential  pulse 
transmissions  greatly  improves  the  azimuth  resolution  of  the  radar  antenna  over  the  resolution  that  would  be  acquired 
by  the  same  physical  structure  if  the  data  were  not  coherently  detected  and  processed. 

In  this  paper,  the  characteristics  of  the  phase  and  amplitude  fluctuations  imposed  by  ionospheric  irregularities 
ruilm  UjJir-  lilt*  L -idi  cofcEtyjU  ]'lh'TT,"ni  iTf  lb*  (ti0iUJtlt!"J  U . S Nav*  Navigation  natellitea 

(TRANSIT)  are  evaluated  in  terms  of  the  phase  coherence  of  ionospheric  propagation. 

2.  EXPERIMENTAL  CONSIDERATIONS 

The  passive  monitoring  of  the  150-  and  400-MHz  transmissions  from  the  TRANSIT  satellites  was  conducted  at 
the  General  Electric  Radio-Optical  Observatory  (geographic  coordinates:  42.  85°N  latitude,  74. 07"W  longitude;  cor- 
rected geomagnetic  latitude:  56.  41rN)  during  the  three  day  period  following  the  severe  magnetic  disturbance  of 
April  21-22,  1970. 

A total  of  19  satellite  passes  were  ohserved  in  the  time  interval  between  1300  hours  GMT,  April  23,  1970,  and 
0600  hours  GMT,  April  25,  1970.  The  TRANSIT  satellites  are  in  a near  circular,  polar  orhit  at  approximately  1025- 
1140  km  altitude  with  periods  ranging  from  106.  4 to  106.  9 minutes  (NASA,  1974). 
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Figure  1 is  a portion  of  a typical  analog  chart  recording  of  TRANSIT  signals  .Jsplaying  a smooth  monotonicaily- 
varying  phase  difference  which  is  suggestive  of  quiet  ionospheric  conditions.  The  severe  amplitude  and  phase  pertur- 
bations, also  shown  in  Figure  1,  are  indicative  of  the  existence  of  ionospheric  irregularities  along  the  propagation  path. 
An  interesting  feature  of  the  data  in  the  vicinity  of  2217  GMT  is  the  disclosure  of  150-MHz  amplitude  fluctuations  in  the 
absence  of  phase  fluctuations. 

3.  THEORY  OF  ANALYSIS 
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where  <p  is  in  radians,  e is  the  electron  charge  (4.  8 x JO  esu),  m is  the  electron  mass  (9. 1 x 10  gm)  c is  the 
free  space  velocity  in  cm/sec,  f is  the  transmission  frequency  in  Hzf  and  Ns  is  the  integrated  electron  density  along 
the  ray  path,  i.  e. , electron  content,  in  electrons/cm2. 

In  the  derivation  of  this  expression,  the  higher  order  frequency  terms  involving  both  the  magnetic  field  param- 
eters and  second  (and  higher)  order  electron  density  terms  have  been  neglected. 

Ti  e phase  shift  function  at  a particular  time,  t,  can  be  approximated  by  a Maclaurin's  series  as 
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where  K = (e2/mec)  = 8. 43  96  x 10-2. 

The  first  term  in  this  expression  is  the  phase  bias  and  is  identical  to  Equation  (1).  The  second  term  is  the 
Doppler  frequency  shift  while  the  third  term  defines  the  phase  nonlinearity  introduced  by  the  ionosphere. 

It  is  noted  that  the  nonlinear  phase  perturbations  in  the  ionosphere  are  the  factors  which  can  impose  limita- 
tions on  the  effectiveness  of  coherent  integration. 

The  differential  phase  between  two  harmonically-related  coherent  signals  transmitted  from  a satellite  and 
detected  on  the  ground  can  be  expressed  by  (Millman,  1974) 


where  a and  b are  constants  related  to  the  transmitted  frequencies,  f j and  i2>  according  to 

a fx  - b f2  (4) 

The  differential  phase  between  the  two  frequencies  is  obtained  from 

A 0 = a - b <t>2  (5) 

where  <*>,  and  <f>2  are  the  total  phase  shifts  encountered  !n  the  troposphere  and  the  ionosphere  by  the  radio  waves  tra- 
versing a space-earth  propagation  path. 

The  derivation  of  the  phase  difference  relationship,  Equation  (3),  is  based  on  the  supposition  that  the  two 
transmitted  signals  travel  along  the  same  ray  path.  In  ether  words,  the  ionospheric  refraction  effects  are  assumed  to 
be  negligible.  This  assumption  is  justified,  for  the  most  part,  for  frequencies  in  the  VHF  and  UHF  range  except  per- 
haps for  propagation  at  the  very  low  elevation  angles  (Miliman,  1967). 

The  absolute  phase  of  a satellite  transmission  received  on  the  ground  cannot  be  measured  directly.  Thus, 
the  relative  electron  content  along  the  paths  from  the  satellite  to  a ground  terminal  can  only  be  inferred  from  the  dif- 
ferential phase  measurements. 

According  to  Equations  (2)  and  (3),  the  magnitude  of  the  nonlinear  phase  shift,  0 . , can  be  defined  in  terms 
of  the  function 


H&) 


dt2 


For  the  TRANSIT  satellite-differential  phase  data  recorded  in  this  experiment,  the  constants  in  Equation  (6) 
are  given  by  a = 1,  b = 3^8  and  fj  = 150  MHz. 

2 2 2 

It  follows  that,  for  a coherent  integration  time,  t,  of  1.  0 sec  and  (d  (A  0)/dt  ) = 1 radian/sec  , the  nonlinear 
phase  shift  at  450  MHz  evaluates  to  11, 1’. 


4. 


DISCUSSION 


From  the  second  derivative  with  respect  to  time  of  the  differential  phase  between  the  150-  and  400-MHz  sig- 
nals, an  estimate  can  be  made  cf  the  nonlinear  phase  shift  introduced  by  the  ionosphere  on  radar  transmissions 
traversing  the  medium. 

The  differential  phase  data  that  were  analyzed  are  presented  in  Figures  2 and  3.  The  latter  is  an  example  of 
the  severe  phase  distortion  encountered  during  a major  portion  of  the  orbit.  Figure  4 is  a plot  in  expanded  form  of  3 
minutes  of  the  data  shown  in  Figure  3. 

The  phase  fluctuations  about  the  least  square  fit  which  is  also  indicated  in  Figures  2 through  4 were  used  in 
the  calculation  of  the  second  derivative  with  respect  to  time. 

Figures  5 and  6 are  histograms  of  the  second  time  derivative  of  the  differential  phase  corresponding  to  the 
data  presented  in  Figures  2 and  4,  respectively.  As  a first  approximation,  the  data  appear  to  be  normally  distributed 
about  zero  having  a maximum  on  the  order  of  12  rad/sec2  and  25  rad/sec2,  respectively. 

When  replotting  the  histogram  data  in  the  form  of  a cumulative  distribution  function,  shown  in  Figure  7,  it 
becomes  apparent  that  the  distributions  are  quite  different. 

The  statistical  parameters  of  the  two  distributions  are  presented  in  Tables  1 and  2.  For  the  April  24th  phase 
perturbation  record,  the  median  and  upper  decile  time-varying  differential  phase  shift  evaluate  to  1.  05  and  4.  50  rad/ 
sec2,  respectively,  with  the  corresponding  electron  content  variation  becoming  2. 172  x 10^  and  9.  307  x 10^°  electrons/ 
cm2/sec2.  According  to  Equation  (6),  for  a 1 sec  time  integration,  this  implies  a nonlinear  phase  shift  at  450  MHz  of 
11. 7°  and  50.  0°,  respectively. 


TABLE  1 

STATISTICAL  CHARACTERISTIC  OF  THE  TIME-VARYING 
DIFFERENTIAL  PHASE  SHIFT  OF  TRANSIT  SIGNALS 
RECORDED  ON  APRIL  24,  1970,  2233-2249  HOURS  GMT 


Statistical 

Parameter 

d2(A0)/dt2 

(rad/sec^) 

2 , ° 
d N /dt" 

S,  ? 2 
(electrons/cm  /sec  ) 

Phase  Shift 
at  450  MHz* 
(deg) 

Upper  Decile 

4.50 

9.  307  x 1010 

50.0 

Upper  Quartile 

2.60 

5.377  x 1010 

28.9 

Median 

1.  05 

2. 172  x 1010 

11.7 

Lower  Quartile 

0.32 

6.618  x 109 

3.6 

Lower  Decile 

0. 10 

2.  068  x 109 

1.1 

* 1-second  time  integration 


TABLE  2 

STATISTICAL  CHARACTERISTICS  OF  THE  TIME-VARYING 
DIFFERENTIAL  PHASE  SHIFT  OF  TRANSIT  SIGNALS 
RECORDED  UN  APRIL  25,  1970,  0543-0600  HOURS  GMT 


Statistical 

Parameter 

d2(A<i)/dt2 

(rad/sec2) 

d2N  /dt2 
s 

2 2 

felectrons/cm  /sec  ) 

Phase  Shift 
at  450  MHz* 
(deg) 

Upper  Decile 

7.33 

1.516  x 1011 

81.5 

Upper  Quartile 

4.74 

9.803  x 1010 

52.7 

Median 

2.65 

5.481  x 1010 

29.4 

Lower  Quartile 

0.74 

1.  530  x 1010 

8.2 

Lower  Decile 

0.18 

3.  723  x 109 

2.0 

1-second  time  integration 


4-4 


,1 


x 


2 2 

With  respect  to  the  April  25th  data,  the  medium  and  upper  decile  values  of  d (A  0)/dt  are  2. 65  and  7. 33  rad/ 
sec^,  respectively,  which  convert  to  an  electron  content  - time  variation  of  5.  481  x 101®  and  1.  516  x 1011  electrons/ 
cmvsec  . Thus,  the  nonlinear  phase  shift  at  450  MHz  evaluates  to  29.  4°  and  81.  5°,  respectively. 

It  is  of  interest  to  note  that,  in  terms  of  local  mean  time  at  the  subionospheric  geographic  coordinates  of  the 
350-km  penetration  point  of  the  ray,  the  nonlinear  phase  shift  appears  to  be  greatest  near  local  midnight  than  during 
the  daylight  hours.  Further  analysis  will  have  to  be  performed  to  determine  whether  this  is  a relevant  characteristic 
of  the  ionospheric  irregularities  causing  phase  fluctuations. 

Since  both  the  150-  and  400-MHz  amplitudes  and  the  differential  phase  were  recorded  continuously  as  the 
satellites  traversed  a horizon-to -horizon  trajectory,  it  was  possible  to  determine  whether  any  spatial  cori  elation 
existed  between  the  ionospheric  irregularities  producing  the  amplitude  and  phase  fluctuations. 

In  all  19  satellite  passes  that  were  observed,  both  amplitude  and  phase  fluctuations  were  always  detected. 

The  over-all  extent  of  the  phase  and  amplitude  scintillation  regions  are  plotted  in  Figures  8 and  9,  respectively,  in 
terms  of  the  corrected  geomagnetic  latitude  and  local  mean  time.  The  time  and  latitude  coordinates  apply  to  the  sub- 
ionospheric  point  of  the  ray  penetration  at  the  350-km  altitude  level. 

The  corrected  geomagnetic  latitudes  used  in  this  analysis  are  those  derived  by  Gustafsson  (1970)  and  are  a 
modification  of  the  coordinate  system  developed  by  Hakura  (1965).  . 

According  to  the  experimental  observations  of  radio  star  noise  by  Hewish  (1952)  fluctuations  in  intensity  are 
always  accompanied  by  the  fluctuations  in  the  phase  difference  between  the  antennas  of  an  interferometer.  However, 
it  is  now  generally  known  that  the  converse  does  not  apply. 

It  is  seen  that,  for  the  most  part,  the  over-all  spatial  extent  of  the  150-MHz  amplitude  fluctuations  correlated 
with  those  of  the  phase  fluctuations.  However,  there  were  many  occasions  in  which  no  correlations  existed;  that  is, 
the  amplitude  fluctuations  were  not  accompanied  by  fluctuations  in  phase. 

A possible  explanation  for  the  discrepancy  in  the  data  presented  in  Figures  8 and  9 is  that  the  presence  of 
both  the  phase  and  amplitude  irregularities  was  estimated  visually  from  analog  chart  recordings  similar  to  the  one 
depicted  in  Figure  1.  In  the  case  of  the  differential  phase  presentation,  the  Gtt  radians  phase  difference  (measured  at 
150  MHz)  extended  over  42  mm  of  the  chart  paper.  It  is  estimated  that  phase  variations  appearing  within  0. 5 mm  can 
be  readily  observed.  This  corresponds  to  a phase  measurement  resolution  of  approximately  13°.  Thus,  the  lack  of 
correlation  between  the  phase  and  amplitude  fluctuations  is  applicable  for  phase  variations  less  than  about  13°. 

Figures  8 and  9 reveal  that,  in  general,  both  the  phase  and  VIIF  amplitude  fluctuations  occurred  north  of  the 
Observatory  which  is  situated  at  a corrected  geomagnetic  latitude  (CGL)  of  56.  41“N.  It  should  be  mentioned  that, 
during  the  data  collection  period,  the  geomagnetic  activity  index,  kp,  remained  in  the  3 to  4-  interval. 

For  an  assumed  irregularity  altitude  of  350  km,  the  equatorward  edges  of  the  phase  irregularities  during  the 
daytime  were  located  at  corrected  geomagnetic  latitudes  ranging  from  approximately  57^  to  70'N.  In  the  case  of  the 
VHF  amplitude  irregularities,  the  equatorward  edges  were  between  58°N  and  67°N  CGL. 

During  the  nighttime  hours,  however,  for  which  there  is  a sparsity  of  data,  the  lower  boundary  extended  from 
3 7 :v"tu  hd  ft  ttjii  for  The  pnaSe  irregularities  aha  troth  to  uoVx  thaLtoT  tnt  Virl  aj.rprrctur  in trgrrttrritieS; 

These  results  which  are  applicable  to  moderate  magnetic  activity  conditions,  compare  favorably  with  Aarons' 
(1973)  model  of  F-layer  high-latitude  irregularities  as  deduced  from  amplitude  fluctuations  of  radio  signals  from 
satellites  and  radio  stars. 

The  dimensions  of  the  ionospheric  irregularities  in  the  direction  of  the  satellite  orbit  can  be  estimated  when 
their  height  distribution  is  known. 

Table  3 lists  the  statistical  characteristics  of  the  apparent  over-all  extent  of  the  scintillation  regions  based  on 
the  assumption  that  the  irregularities  were  located  at  an  altitude  of  350  km.  As  indicated  in  Figures  8 and  9,  the  total 
number  of  phase  and  amplitude  irregularities  available  for  this  analysis  was  28  and  21,  respectively. 

TABLE  3 

STATISTICAL  CHARACTERISTICS  OF  THE  APPARENT  OVER-ALL  EXTENT  OF 
IONOSPHERIC  PHASE  AND  AMPLITUDE  SCINTILLATION  REGIONS 


j 


Irregularity  Extent  (km) 


Statistical 

Parameter 

Phase 

Scintillation 

Amplitude 

Scintillation 

Upper  Decile 

1737 

1749 

Upper  Quartile 

1270 

1670 

Median 

717 

1475 

Lower  Quartile 

397 

1126 

Lower  Decile 

179 

300 

Mean 

909 

1340 

It  Is  seen  that  the  median  and  upper  decile  values  of  the  phase  irregularity  dimensions  are  on  the  order  of 
717  and  1737  km,  respectively,  while,  for  the  amplitude  scintillation  case,  the  dimensions  increase  to  1475  and  1749 
km.  These  results  give  evidence  that  the  phase  producing  fluctuation  regions  are  more  patchy  and  smaller  than  those 
cauDL.g  iu..,  lito  It 

By  correlating  the  Radio-Optical  Observatory  data  with  the  differential  phase  and  150-MHz  amplitude  meas- 
urements recorded  simultaneously  at  the  Lincoln  Laboratory  - Millstone  Hill  Field  Station  (geographic  coordinates: 
42. 62°N,  71. 36°W)  during  the  April  23-25  period,  it  was  possible  to  deduce  the  spatial  configuration  of  the  inhomo- 
geneities responsible  for  the  perturbations.  The  ground  distance  between  the  two  facilities  is  approximately  211  km. 

The  calculations,  summarized  in  Table  4,  were  based  on  the  assumption  that  the  irregularities  are  field- 
aligned  and  located  at  350-km  altitude.  The  orientation  of  the  magnetic  field,  i.  e. , declination  angle,  at  that  altitude 
was  evaluated  by  assuming  a spherical  harmonic  model  for  the  earth's  magnetic  field.  The  set  of  48  spherical  har- 
monic coefficients  derived  hi  Jensen  and  (Jain  il962i  was  em|.lo-;ed  in  the  model. 

TABLE  4 

APPARENT  OVER-ALL  EXTENT  OF  IONOSPHERIC 
IRREGULARITIES  PROJECTED  ALONG  AND  ORTHOGONAL 
TO  MAGNETIC  FIELD  LINES 


U 


1 PS 

<t 

t 


i 8 


A 


Date  of 
Observation 

Time 

(GMT) 

Irregularity  Extent  (km) 

Phase  Scintillation 

Amplitude  Scintillation 

Along  Field 
Line 

Orthogonal  to 
Field  Line 

Along  Field 
Line 

Orthogonal  to 
Field  Line 

23  April  1970 

1346  - 1403 

1927 

181 

2384 

191 

24  April  1970 

1439  - 1455 

1962 

130 

1582 

126 

24  April  1970 

1646  - 1703 

1782 

142 

1890 

144 

24  April  1970 

1835  - 1849 

1666 

148 

1639 

142 

24  April  1970 

2204  - 2221 

1685 

123 

1698 

132 

25  April  1970 

0543  - 0600 

2381 

261 

2557 

293 

It  is  seen  that  the  apparent  over -all  dimensions  of  the  irregularities  in  the  direction  of  the  magnetic  field 
lines,  associated  with  the  phase  fluctuations,  varied  between  1666  and  2381  km  while  the  transverse  dimensions  were 
on  the  order  of  123  to  261  km. 

For  the  amplitude  scintillation  case,  the  over-all  dimensions  ranged  between  1582  and  2557  km  along  the 
magnetic  north-south  direction  and  between  126  and  293  km  orthogonal  to  the  field  lines. 

In  addition  to  providing  a means  for  the  investigation  of  the  characteristics  of  ionospheric  inhomogeneities, 
the  differential -phase  technique  also  furnishes  data  on  the  midlatitude  trough  which  is  a region  of  low  electron  density 
located  in  the  F-region  north  of  the  Observatory. 

The  effect  of  the  trough  on  the  TRANSIT  radio  signals  is  clearly  evident  in  Figures  2 through  4.  Instead  of 
smooth,  monotonically  varying  functions,  the  differential  phase  could  either  undergo  a rapid  change  in  magnitude  or 
remain  somewhat  constant  as  the  satellite  traverses  the  trough  region. 

The  trough  is  considered  to  be  a nighttime  phenomenon.  However,  the  daytime  trough  has  been  observed 
(Feinblum  and  Horan,  1973).  The  presence  of  the  daytime  trough  is  shown  in  Figure  10  which  is  a plot  of  the  equator- 
ward  edge  of  the  trough  as  a function  of  the  local  mean  time  at  the  350-km  altitude  subionospheric  point.  Of  a total 
of  16  daytime  and  3 nighttime  satellite  passes,  the  trough  was  not  detected  in  5 of  the  daytime  and  in  1 of  the  nighttime 
observations. 

According  to  Figure  10,  for  the  April  23rd  data,  the  CGL  coordinates  of  the  southern  boundary  of  the  trough 
appear  to  be  a function  of  time  of  day.  At  about  local  noon,  the  trough  is  located  in  the  high  latitudes,  i.e. , approxi- 
mately 72°N  CGL,  and  descends  to  the  south,  i.  e. , 60°N  CGL,  at  1800  hours  local  time. 

It  is  of  interest  to  note  that,  on  the  following  day,  April  24th,  the  daytime  trough  was  not  observed.  In  ad- 
dition, the  southern  boundary  of  the  trough  did  not  vary  with  time  and  was  located  at  approximately  65°-67°N  CGL. 

An  analysis  of  Alouelte  I data  has  shown  that  the  low  electron  density  trough  is  found  to  follow  magnetic 
latitude  contour  lines  (Thomas  and  Andrews,  1968).  According  to  Rycroft  and  Thomas  (1970),  for  the  summer  nights 
between  2100  and  0700  hours  local  time,  the  average  invariant  magnetic  latitude  of  the  center  of  the  trough,  A,  is  a 
function  of  the  geomagnetic  planetary  index, 


kp,  and  can  be  represented  by  the  relationship 


A = 61. 0°  - (1.8°  ± 0.4°)  k 


(7) 


The  location  of  the  equatorward  wall  of  the  trough  is  described  by  Gassmann  (1973)  in  terms  of  the  expression 


0082  A = s'rr-ViQ)  (8) 

where  Q is  the  polar  magnetic  activity  index.  Assuming  that  Q = = 3,  it  follows  that  A = 60.  8*. 

Since  the  invariant  magnetic  latitude  and  the  corrected  geomagnetic  latitude  differ  only  slightly,  Gassmann's 
model  is  thus  in  agreement  with  the  experimental  data  acquired  on  the  afternoon  of  April  23rd. 

Figure  11  is  a plot  of  the  CGL  of  the  equatorward  edge  of  the  trough  as  a function  of  the  CGL  of  the  equator- 
ward  edge  of  the  scintillation  region,  i.  e. , scintillation  boundary.  It  is  seen  that  the  scintillation  boundary  was  always 
south  of  the  trough  wall. 

For  the  phase  producing  irregularities,  the  latitude  coordinates  of  the  scintillation  boundary  and  the  trough 
wall  are  not  correlated.  Similar  results  were  reported  by  Evans  (1973). 

However,  in  the  case  of  the  amplitude  producing  irregularities,  when  neglecting  the  data  in  the  vicinity  of 
53°N  CGL  which  corresponds  to  the  April  25th  measurements  depicted  in  Figure  3,  a linear  relationship  is  found  to 
exist  between  the  latitudes  of  the  scintillation  boundary  and  the  trough  equatorward  edge.  The  possible  existence  of  a 
correlation  between  these  two  parameters  was  hypothesized  by  Aarons  and  Allen  (1971). 

5.  CONCLUSIONS 

A statistical  analysis  of  a nighttime  phase  perturbation  record  revealed  a median  time  varying  phase  shift  of 
2. 65  rad/sec2  with  the  corresponding  electron  content  time  Variation  evaluating  to  5.  481  x 1010  electrons/ cm2/sec  . 

For  a one  second  time  integration,  this  implies  a nonlinear  phase  shift  at  450  MHz  of  29.  4°.  A median  nonlinear  phase 
shift  at  450  MHz  of  a daytime  phase  perturbation  record  was  computed  to  be  11.  7°. 

It  was  found  that,  in  general,  the  spatial  extent  of  the  150-MHz  amplitude  fluctuations  correlated  with  those 
of  the  phase  fluctuations.  However,  there  were  several  occasions  in  which  the  amplitude  fluctuations  were  not  accom- 
panied by  fluctuations  In  phase,  the  lack  of  eoi retaiioa  is  puoblLly  aitlib.ii.ed  to  the  itsoluliou  ot  the  analog  oiidit  re- 
cordings which  only  permitted  resolving  phase  variations  greater  than  abrut  13°.  The  phase  and  amplitude  fluctuations, 
for  the  most  part,  occurred  north  of  the  Observatory. 

During  the  daytime,  the  equatorward  edges  of  the  phase  producing  irregularities  were  concentrated  between 
57°N  and  70,>N  corrected  geomagnetic  latitude.  During  the  nighttime,  the  lower  boundary  ranged  between  52°N  and  55°N 
corrected  geomagnetic  latitude.  The  calculations  were  based  on  assumed  irr  jgularity  altitude  of  350  km. 

The  median  value  of  the  over-all  dimensions  of  the  phase  irregularities  was  found  to  be  717  km  as  compared 
to  1475  km  for  the  VHF  amplitude  irregularities. 

Utilizing  TRANSIT  satellite  data  recorded  simultaneously  at  Millstone  Hill,  the  two-dimensional  configuration 
of  the  irregularities  were  deduced.  The  apparent  over-all  extent  of  the  irregularities  in  the  direction  of  the  magnetic 
field  lines  was  about  an  order  of  magnitude  greater  than  that  in  the  transverse  direction. 

It  was  determined  that  the  equatorward  edge  of  the  scintillation  regions  was  always  south  of  the  equatorward 
edge  of  the  trough  and  that  the  corrected  geomagnetic  latitude  of  the  amplitude  scintillation  equatorward  edge  correla- 
ted with  the  latitude  of  the  trough  equatorward  edge. 
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Figure  1.  Portion  of  an  Analogue  Chart  Recording  of  the  Signals  From  TRANSIT  Satellite, 
Catalogue  No.  2965,  April  24,  1970,  2212-2219  Hours  GMT,  Displaying 
Ionospheric  Amplitude  and  Phase  Fluctuation  Effects 
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Figure  2.  Differential  Phase  Measurements  of  the  Transmissions 
From  TRANSIT  Satellite,  Recorded  on  April  24,  1970, 
2233-2249  Hours  GMT 
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Figure  5.  Histogram  of  the  2nd  Derivative  with  Respect  to  Time  of 
the  Phase  Fluctuations,  TRANSIT  Satellite,  Recorded  on 
April  24,  1970,  2233-2236  Hours  GMT 


Figure  6.  Histogram  of  the  2nd  Derivative  with  Respect  to  Time  of 

of  the  Phase  Fluctuations,  TRANSIT  Satellite,  Recorded  on 
April  25,  1970,  0544-0547  Hours  GMT 
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Figure  7.  Cumulative  Distribution  Function  of  the  2nd  Derivative 
with  Respect  to  Time  of  the  Differential  Phase 
Fluctuations 
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Figure  8.  Corrected  Geomagnetic  Latitude  Extent  of  Phase  Scintillation 
Regions  as  a Function  of  Local  Mean  Time  at  the  "50-km 
Altitude  - Subionospheric  Point 
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Figure  9.  Corrected  Geomagnetic  Latitude  Extent  of  VHF  Amplitude 
Scintillation  Regions  as  a Function  of  Local  Mean  Time 
at  the  350-km  Altitude  - Subionospheric  Point 
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Figure  10,  Equatorward  Edge  of  the  Trough  as  Observed  from 
Differential  Phase  Measurements  as  a Function  of 
Local  Mean  Time  at  the  350-km  Altitude  - 
Subionospheric  Point 
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Figure  11.  Corrected  Geomagnetic  Latitude  of  Equatorward  Edge  of 
the  Trough  as  a Function  of  the  Corrected  Geomagnetic 
Latitude  of  the  Equatorward  Edge  of  the  Scintillation  Region 
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DISCUSSION 


J.M.Goodman,  Space  Systems  Division,  Naval  Research  Laboratory,  Washington  D.C.,  USA 

flbrt  miiptitihl,'-  seh.trflarion  i CcWItd'rt  thuCS-ht  Wf-TCn  lilvtt.  was  iro  piiaSC  ScilitiWaftuii.  AS  y-Jb 
pointed  out,  theoretically  this  is  opposite  of  what  one  would  expect.  Because  of  the  steepness  of  the  phase  records 
it  i:,  difficult  to  detect  small  phase  fluctuations.  What  was  the  criterion  for  ascertaining  the  occurrence  of  phase 
scintillation?  Also,  was  the  same  time  constant  used  in  the  analysis  of  both  amplitude  and  phase  data? 

Author’s  Reply 

The  phase  and  amplitude  scintillation  regions  were  designated  from  the  analog  chart  recordings,  an  example  of  which 
is  shown  in  Figure  1 . The  resolution  of  the  differential  phase,  as  observed  from  the  analog  recordings  is  on  the  order 
of  about  15°.  The  recorded  data  were  digitized  at  1 second  intervals.  The  differential  phase  fluctuations  about  the 
least  square  fit  were  employed  in  the  analysis  of  the  nonlinear  phase  shifts. 


PROPAGATION  EFFECTS  OBSERVED  IN  CONNECTION  WITH 
NTS-1  OBSERVATIONS  NEAR  THE  MAGNETIC  EQUATOR 
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Washington,  D,  C. 


ABSTRACT 


During  a two  week  period  in  May  1975  near  the  magnetic  equator,  the  Naval  Research 
Laboratory  measured  amplitude  and  differential  propagation  delay  scintillation  of  the 
335  and  1580  MHz  transmissions  from  NTS-1  satellite.  NTS-1  is  an  experimental  test 
vehicle  in  support  of  the  NAVSTAR-GPS  program  and  was  launched  on  14  JUL  1974  into  a 
7,277  by  7,444  nautical  mile  orbit  having  an  inclination  of  125°.  The  measurements 
which  are  described  in  this  paper  are  part  of  Operation  Antarqui,  named  for  Inca  god, 
and  was  a joint  NASA  Institute  Geoficisco  del  Peru  campaign  with  specific  experiments 
by  the  universities  of  Illinois , Pittsburg,  Denver,  and  Penn  State,  the  Dudley  Observatory, 
and  NRL. 

In  this  paper  we  will  discuss  the  results  obtained  through  analysis  of  amplitude 
and  differential  propagation  delay  data  at  335  and  1580  MHz  and  observed  at  the  former 
mini-track  stationat  Ancon,  25  miles  north  of  Lima,  Data  were  also  taken  during  this 
experiment  in  support  of  the  NTS-1  orbit  improvement  and  time  transfer  research  effort. 

These  results  also  have  immediate  applications  in  resolving  such  practical  system 
problems  as  the  contribution  of  propagation  delay  scintillation  to  error  budgets  of 
satellite  navigation  systems  such  as  NAVSTAR/GPS,  and  the  power  margins  necessary  to 
overcome  the  effects  of  amplitude  scintillation  in  the  equatorial  region.  For  example, 
the  data  taken  on  this  campaign  (which  is  only  representative  of  the  two  week  data 
span)  show  amplitude  fading  greater  than  30  dB  below  the  mean  at  335  MHz,  but  little 
or  no  effect  on  1580  MHz.  These  data  have  been  scaled  for  SI  and  have  been  compared 
with  the  Fremouw-Pope-Rino  Model.  Differential  propagation  delays  at  these  frequencies 
during  time  of  scintillation  activity  were  observed  to  be  two  nanoseconds  peak-to-peak. 

Experimental  receivers  designed  for  NTS-1  were  used  with  special  doppler  converters 
to  generate  convenient  analc  gue  data  displays  of  the  differential  delay  and  amplitude 
variables.  A special  transj  ortable  antenna  system  was  designed  and  deployed  and  data 
was  recorded  on  chart  and  magnetic  tape  recorder. 

Several  conclusions  have  been  reached  on  the  basis  of  our  analysis. 

1.  Severe  scintillation  activity  was  observed  at  335  MHz  for  approximately  four 
days  out  of  a two  week  interval  and  varied  from  a few  dB  to  over  30dB. 

2.  No  apparent  scintillation  was  observed  at  1580  MHz. 

3.  The  differential  delay  scintillation  was  not  observed  to  exceed  two  nano- 
seconds peak-to-peak.  The  smoothed  differential  delay  information  suggested 
the  existence  of  an  anomaly  in  the  total  electron  content  as  the  satellite  pas- 
sed over  the  magnetic  equator.  This  feature  is  not  inconsistent  with  currently 
accepted  models  of  electron  redistribution  near  the  equator. 

It  is  emphasized  that  these  data  were  obtained  over  a limited  span  of  time  and  the 
conclusions  are  valid  for  equatorial-equinox  conditions  only. 


1.  INTRODUCTION 

The  Navigation  Technology  Satellite  I,  NTS-1,  was  the  latest  in  a series  of 
experimental  satellites  designed  and  constructed  by  the  Naval  Research  Laboratory  (NRL) 
to  investigate  the  feasibility  of  Satellite  Navigation  by  passive  ranging  and  the  first 
launched  as  R&D  support  for  the  Tri-service  NAVSTAR  Global  Positioning  System  (GPS' . 

The  next  satellite,  NTS-II  will  be  launched  shortly  in  the  operational  circular  orbit 
of  12  siderial hours  period,  63°  inclination.  The  pertinent  parameters  of  NTS-1  are 
shown  in  Table  1,  a pre-launch  photograph  is  shown  in  Figure  1 and  an  artist's  concep- 
tion o*  the  Of,  otfcli  eof figuration  in  Figure  l.  Figure  3 is  a Sewing  of  thi*  space- 
craft showing  the  antenna  configuration  and  the  location  of  laser  retroreflectors, 
solar  cell  experiments  and  gravity  gradient  statilization  system. 

It  became  apparent  shortly  after  achieving  the  nominal  orbit,  that  the  space- 
was  (k-‘  Lwifttiog  w ow.  An  figwte  A f’amLli  ■-  elowii 

at  an  increasing  rate  due  to  solar  torques.  The  difficulty  was  found  to  be  in  the  damper 
(the  sphere  on  the  end  of  the  boom  shown  in  Figure  3),  which  was  not  dissipating  the 
energy  of  rotation  as  designed.  This  malfunction  has  since  been  traced  to  poor  manu- 
facturing techniques  and  has  been  corrected  at  the  vendors  assembly  line. 

The  electronics  was  performing  as  designed.,  however  some  experiments  were  per- 


formed  at  a limited  level  as  described  in  this  paper. 

1.1  NTS-I  Payload  Description 

Figure  4 is  a block  diagram  of  the  Satellite  navigation  subsystem.  A sidetone 
range  (STR)  signal  format  is  employed  at  the  frequencies  shown  in  figure  5 at  P and  L 
LbiuIa.*  Thu  Jufl  l v.-i  rli.*r(>  i:t  r I ■ ■ i ftj.  ic  c'pj-rLc  rufrwtlcr  triom 

All  frequencies  are  coherently  derived  from  a precision  oscillators  as  shown  in  figure  4. 
Two  rubidium  vapor  oscillators  and  one  precision  crystal  oscillator  were  carried  and 
were  selectable  on  ground  command.  The  on-orbit  performance  of  the  rubidium  oscil- 
lators was  one  of  the  prime  experiments.  Independent  range  measurements  are  obtained 
every  minute  to  a precision  of  approximately  10%  i at  6.4  MHz  or  about  l.C  ft.  The 
forthcoming  NTS-2  launch  will  carry  GPS  navigation  equipment  which  employs  a PRN  wave- 
form of  10  MB/Sec  for  ranging  in  addition  to  the  STR  system  described  above.  A summary 
of  the  t SM..  -ti.fB  ’ f tn  j satellite  is  Shown  on  lignire  e Buff  q list  of  some 

of  the  experiments  and  prime  experimentors  planned  for  this  flight  is  shown  on  figure  7, 

A continuing  experiment  of  great  importance  is  the  stability  of  high  orbits  when  per- 
turbed by  the  solar  flux.  The  satellite  also  carried  a PRN  code  that  could  be  radiated 
Cji  tOi.uaand  ftoiti  the  yiwuiiJ  vwie.i  the  oTK  ajltew  v.aS  turned  olf  to  be  Uueu  by  the  tjoAf  . 

1.2  NTS-1  Propagation  Experiments 

It  is  beyond  the  scope  of  this  paper  to  report  on  the  results  of  most  of  the 
NTS-1  experiments,  however,  it  is  pointed  out  that  the  spacecraft  (S/C)  stability 
limited  them  to  some  extent.  The  primary  problem  was  that  of  temperature  control,  since 
the  desired  orientation  was  not  obtained  (except  for  brief  transient  intervals) . Thus, 
thermal  design  conditions  were  not  met,  requiring  the  careful  monitoring  of  S/C  tem- 
peratures, and  load  shedding  where  necessary.  For  example,  P band  ranging  was  usually 
obtained  because  with  directional  receiving  antennas  sufficient  back  radiation  was  ob- 
tained. S/C  temperature  did  not  allow  simultaneous  L and  P band  ranging  so  very  precise 
ranging  was  not  obtained  (except  for  a series  of  laser  measurements  made  at  Goddard  Space 
Flight  Center  (NASA) ) . However,  simultaneous  measurements  at  both  frequencies  using 
the  CW  tracking  beacons  was  usually  possible  so  that  ionospheric  propagation  effects 
could  be  observed  using  a method  developed  at  NRL  (ZIRM,  et  al,  1972)  and  independently 
by  General  Electric  Co. (MILLMAN  and  ANDERSON,  1968) , and  generally  referred  to  as  dif- 
ferential doppler.  Figure  8 shows  the  test  setup  and  details  of  the  doppler  converters 
are  shown  in  figure  9.  This  equipment  was  used  at  the  test  sites  near  Washington,  D.  C., 
and  Miami,  Florida  to  observe  differential  delay  effects  at  the  two  tracking  beacon 
frequencies  of  335  and  1580  MHz.  Figure  10  is  a record  of  several  minutes  of  continuous 
data  made  while  the  satellite  was  rotating  relatively  rapidly,  but  is  indicative  of  the 
"normal  differential  delay  effect"  expected  of  these  frequencies;  i.e.,  approximately 
linear  differential  delay  increasing  with  time  as  the  total  path  delay  changes.  When 
the  satellite  rotation  axis  was  out  of  the  line  of  sight,  a periodic  delay  variation  of 
approximately  2ns  (2  ft.)  is  observed  in  the  differential  delay  as  seen  in  figure  11, 
because  the  335  MHz  and  1580  MHz  antennas  were  on  opposite  faces  of  the  spacecraft, 

(see  figure  3i . Itius,  small  scale  ionospheric  delay  vaiiatious  comparable  to  the 
satellite  rotation  effect,  are  not  separable  without  detailed  satellite  orientation  and 
motion  information.  However  variations  of  time  scale  of  the  order  of  tenths  of  seconds 
to  seconds  (scintillation)  should  be  observable.  No  evidence  of  scintillation  activity 
at  tne  latitude  or  tne  NiS-r  receiving  site  near  «kli  was  oDservea  over  a years  time, 
however  one  possible  scintillation  pass  was  observed  from  the  Florida  site  while  the 
S/C  was  low  on  the  horizon  to  the  south  (see  figure  12) . 

During  1975  an  opportunity  to  set  up  the  receiving  equipment  near  the  geomagnetic 
e^uatot  presentee  icselb  wivn  art  iuv  rt&ixuu  £ 1 cui  A xro  pal  trie  ipa  ct=  ui  a juxnx  earn 
paign  with  the  Instituto  Geoficisco  del  Peru,  to  measure  upper  atmosphere  and  lower 
ionospheric  effects  from  ground  based  sensors,  balloons,  and  rockets.  Portable  re- 
ceiving equipment,  figure  13,  was  installed  at  the  former  minitrack  site  at  Ancon,  Peru 
and  data  taken  for  about  two  weeks  in  late  May.  Even  before  the  system  was  calibrated 
and  the  differential  doppler  equipment  installed,  severe  amplitude  scintillation  was 
3l  *4),  a f T r wjulplrip' > t*  1 

up,  amplitude  and  phase  scintillation  was  observed  on  four  nights  for  varying  periods 
of  time  (a  few  minutes  to  hours)  with  the  335  MHz  amplitude  scintillation  down  to 
phase  lock  loss  level  in  the  receivers  (>  35dB) . In  these  instances  no  scintillation 
activity  was  ctiatvei  an  tit  Out  ft£l&  r=.Uoii,  ».J  tha  phfegtu  tlUct  way  sbrsye  l«.or  tlm. 
2ns  peak-to-peak  or  a contribution  to  CW  ranging  error  of  +2  ft.  (See  Figures  15-17) . 

2.  DATA  ANALYSIS 

The  data  have  been  recovered  by  an  HF  3960  magnetic  tape  recorder  with  chart 
recorders  as  backup.  Data  reduction  equipment  problems  have  precluded  the  processing 
of  significant  quantities  of  the  tape  data  into  meaningful  statistics  as  of  this  writing. 
However,  playback  of  the  data  through  the  100ns  phase  meter  allowed  complete  curves  of 
the  differential  delay  variation  vs.  time  to  be  obtained.  Figure  18  shows  a typical 
&ii ire jLfcntiaX  delay  .arvt  extiauH  5 f I od  & twilight  pa&5  i.Xfef  tl.  aoutirtfli 
figure  19  depicts  the  geometry  associated  with  this  pass.  Figure  20  is  a typical  delay 
curve  obtained  during  a high  elevation  early  morning  NE-SW  pass  and  figure  21  is  the 
corresponding  geometry.  For  this  high  elevation,  the  delay  function  is  smaller  than 
expec-ea  i,  low  elevation  angles  which  implies  fiu  eleotbufl  content  kite,  anomaly  sym- 
metrical about  the  magnetic  equator.  It  is  noteworthy  that  the  mid-latitude  trough 
also  produces  such  an  effect  for  non-equator ial  observation  stations.  This  effect  is 
obviously  important  to  rancr.ing  and  positioning . systems  that  rely  on  simple  models  to 
remove  excess  delay.  Superimposed  is  a prediction  cf  the  group  path  delay  as  derived 
from  the  C’ning-Chiu  model,  (CHING, B . K. , and  CHIU,  T.  T.,  1973),  taking  the  appropriate 


geometry  into  account  and  carrying  out  the  necessary  integration  along  the  ray  path. 

Inputs  to  the  Ching-Chiu  model  include  sunspot  number,  day  of  year,  and  time  of  day,  in 
addition  to  certain  geographic  conditions. other  models,  including  the  BENT  model  (LLEWELLYN, 
S.  K. , and  BENT,  R.  B.,  1973)  are  being  examined  as  well. 

Preliminary  scintillation  analysis  was  carried  out  at  NRL  to  extract  the  first 
order  statistics  from  selected  segments  of  phase  and  amplitude  data. 

It  is  of  interest  to  distinguish  between  several  types  of  phase  fluctuations 
exhibited  in  the  data.  The  most  obvious  component  is  of  very  low  frequency  and  results 
from  global  TEC  variation;  this  component  is  clearly  of  interest  for  purposes  of  gross 
ionospheric  ranging  error.  In  addition  there  is  likely  in  existence  a hierarchy  of 
more  rapid  fluctuation  regimes  which  are  related  to  the  size  of  the  ionospheric  inhomo- 
geneities. Large  scale  oscillatory  perturbations  such  as  travelling  ionospheric  dis- 
turbances contribute  between  0.1  and  0.5  Hz  and  randomized  irregularities  contribute 
above  0.5  Hz.  In  a manner  similar  to  FREMOUW  and  COUSINS  (1975),  we  have  separated 
the  data  into  a focussing  (or  regular)  component  and  a scattering  (or  quasi-ranuomi 
component  through  use  of  digital  filtering.  The  first  filter  is  a detrender  (a  digital 
high  pass  filer  with  fc  = 0.1  Hz)which  eliminates  the  so-called  D.  C.  component  or  global 
TEC  variations  in  the  data.  The  second  software  filter  is  a band-pass  operation  which 
passes  frequency  components  between  0.1  and  0.4  Hz.  Finally  we  pass  the  data  through  a 
second  detrender  (a  digital  high  pass  filter  with  fc  = 0.4  Hz)  which  delivers  the  random 
component  at  its  output  port.  We  called  the  output  of  the  band-pass  operation  the 
regular  component  and  we  call  the  out-put  of  the  second  detrender  the  quasi-random 
component . 

For  purposes  of  illustration,  we  have  examined  a small  segment  of  data  of  100 
seconds  duration  at  0125  zulu  during  which  the  St  index  was  essential  1.0.  The  in- 
fant hturpouft*  i-^r  la)  1 1 < ui.ff  1 tariF  ' Jal ,,  f, til  frlij  rjuiLlfct  p tu  b quasi -raidur  rxjr- 
ponent,  (c)  the  regular  component  and,  (d)  the  quasi-random  component  are  given  in 
figure  22.  Figure  23  shows  the  phase  quadrative  components.  Figures  24  and  25  show 
the  polar  diagrams  of  the  regular  and  quasi-random  components  respectively.  Clearly 
the  statistics  of  the  quasi-random  component  are  not  simple  since  there  is  likely  to 
be  multiple  scattering  in  evidence.  Nevertheless  the  power  spectrum  of  the  quasi- 
random component  (figure  26)  indicates  that  an  f-3  law  is  obeyed  as  would  be  expected. 

The  analytical  effort  outlined  aDove  is  continuing  with  empnasis  neing  placed 
upon  separating  the  ranging  error  due  to  the  various  categories  of  irregularities. 

We  also  plan  to  exercize  codes  which  exhibit  the  phase-error  distributions  as  well  as 
the  average  interval  between  phase  errors,  and  the  average  duration  of  phase  errors  as  a 
function  of  phase-error  magnitude.  Separate  phase  and  amplitude  power  spectra  will  be 
deduced. 

3 . FUTURE  PLANS 

The  launch  of  NTS-2  is  scheduled  for  launch  in  early  1977  into  the  NAVSTAR- 
GPS  orbit  of  12  sidereal  hours  period  with  a 63°  inclination.  It  will  comprise  the  same 
equipment  as  NTS-1  with  an  additional  GPS  NAV  package,  which  will  allow  experimental 
investigation  of  the  influence  of  ionospheric  effects  on  signals  in  addition  to  the  type 
data  described  in  this  paper.  The  data  will  be  recorded  in  a digital  format  on  tape 
cartridges,  so  that  with  proper  processing,  correlation  functions,  power  spectra  and 
certain  relevant  statistics  may  be  generated  without  the  manual  labor  necessary  with 
analogue  data.  It  is  hoped  to  collect  data  from  a variety  of  sites  for  periods  long 
enough  to  show  seasonal  effects,  and  hopefully  continued  long  enough  so  that  the  ef- 
fects of  increasing  solar  activity  will  be  observed. 
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TABLE  I 


Physical  Parameters  of  NTS-1 


VEHICLE 

LAUNCH  TIME/DATE 
INTERNATIONAL  DESIGNATOR 
SPACE  DEFENCE  CENTER  NUMBER 
PERIOD  - MINUTES 
APOGEE  HEIGHT  - N.  MILES 
PERIGEE  HEIGHT  - N.  MILES 
ECCENTRICITY 
INCLINATION  - DEG. 

SPACECRAFT  WEIGHT  IN  ORBIT  - Kg. 
STABILIZATION 


ATLAS-F,  FAIRCHILD 
TRANSFER  STAGE 

0455Z,  14  JULY  1974,  WTR 

1974-54A 

7369 

468.73 

7423 

7274 

0.00688 

125.12 

282.6 

TWO  SIXTY  FOOT  GRAVITY 
GRADIENT  BOOMS,  ONE 
G.E.  DAMPER 


Fig.  2 - Artist  conception  of  the  NTS-1  on-orbit  configuration 


DESIGNATION 

LOW  BAND  FREQ. 
(MHz) 

HIGH  BAND  FREQ. 
(MHz) 

TONE 

(kHz) 

RANGE  REFERENCE 

335.325 

1580.625 

— 

RTF1 

335.3249 

1580.6249 

.100 

RTF2 

335.32475 

1580.62475 

.250 

RTF3 

335.324 

1580.624 

1 

RTF4 

335.321 

1580.621 

4 

RTF5 

335.309 

1580.609 

16 

RTF6 

335.261 

1580.561 

64 

RTF7 

335.225 

1580.525 

100 

RTF8 

334.925 

1580.225 

400 

RTF9 

333.725 

1579.025 

1,600 

RTF10 

328.925 

1574.225 

6,400 

Fig.  5 - Timaticn  III  (NTS-1)  frequencies 


POWER  SUPPLY:  120W  NICAD,  4 SOLAR  CELL  ARRAYS 

FREQUENCY  STANDARDS:  FEL,  5 MHz  DOUBLE  OVEN,  A FEW 
PARTS  IN  1012;  TWO  EFRATOM  RUBIDIUM  VAPOR 
(EXPERIMENTAL) 

CARRIER  SYNTHESIS:  COHERENT,  ALL  FREQUENCIES 

TRACKING  BEACONS:  335.355  MHz,  4 W.,  10  db  HELIX,  ON 
CONTINUOUSLY;  1580.775  MHz,  4 W.,  10  db  HELIX,  ON 
CONTINUOUSLY 

RANGING  SIGNAL:  335.325  MHz,  8 W.,  10  db  HELIX,  ON  5.5  OR  7.5 
SEC.  ON  THE  MINUTE;  1580.625  MHz,  8 W.,  10  db  HELIX,  ON  5.5 
OR  7.5  SEC.  ON  THE  MINUTE 

PRN  SIGNAL:  1575  MHz,  10  MBS,  15  W.  AVG.,  10  db  HELIX,  ON 
COMMAND 


Fig.  6 - Electrical  parameters  of  NTS-1 
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1.  ORBIT  STABILITY  USING  LASER  TRACKING.  420  FUSED  SILICA  CUBE 

CORNER  RETROREFLECTORS  WITH  15  MM  HEXOGONAL  ENTRANCE 
PUPIL  AND  ONE  5 IN.  HOLLOW  CUBE  CORNER  USING  THREE  FRONT- 
SILVERED  MIRRORS.  (NRL,  NWL,  NASA)  j 

I 

2.  EVALUATION  OF  QUARTZ  CRYSTAL  AND  RUBIDIUM  VAPOR  FRE-  I 

QUENCY  STANDARDS.  (NRL)  1 

r j 

3.  SOLAR  CELL  RADIATION  DAMAGE.  COMPARE  VIOLET,  HELIOS,  RADIAL  1 

GRID,  LITHIUM  DIFFUSED  AND  THIN  WRAP-AROUND  CONTACT  TYPES. 

ALSO  COMPARE  FZ  AND  CZ  SILICON  CELLS  WITH  1 AND  10  OHM-CM 
AND  CORRELATE  WITH  DOSIMETER  LEVEL  AND  RATE.  (NRL,  RAE, 

NASA,  COMSAT) 

4.  PRN  MULTIPATH  AND  FOLIAGE  PROPAGATION.  (US  ARMY  ETL) 

5.  TRANSIONOSPHERIC  DIFFERENTIAL  DELAY  AND  AMPLITUDE  SCIN- 

v TILL  ATI  ON.  (NRL) 

6.  NAVIGATION  AND  TIME  TRANSFER.  (NRL,  RGO,  NMD) 

Fig.  7 - Experiments  on  NTS-1  | 
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Fig.  8 - Experimental  equipment 
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Fig.  13  - Receiver  site  near  Ancon 
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Fig.  20  - Differential  delay  curve  obtained  on  24  MAY  1975  showing  anomalous  pattern  for 
pass  number  968, 
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Fig.  21  - Geometry  for  pass  number  968 
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Fig.  22  - In  phase  components  of  the  scintillating  335  MHz  signal 

(a)  unfiltered  data 

(b)  regular  plus  quasi-random  components 

(c)  regular  component 

(d)  quasi-random  component 
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DISCUSSION 


J.S.Belrose 

The  paper  concentrated  on  the  short  term  phase  perturbation  and  frequently  throughout  the  paper  both  authors 
state  that  these  scintillations  were  less  than  ±4  ft.  No  mention  was  made  of  absolute  position  accuracy.  My 
comment  relates  to  the  obvious,  but  perhaps  I should  nevertheless  make  it.  Your  latitudinal  (or  longitudinal)  US 
doppler  data  show  marked  asymmetries,  and  so  clearly  the  positional  inaccuracies  are  much  greater  than  ±4  ft.  This, 
while  obvious,  should  perhaps  be  stated. 

Author’s  Reply 

The  point  which  we  made  was  that  the  so-called  scatter  or  random  component  corresponds  to  a ranging  error  of 
~±  4 feet,  an  amount  which  is  unlikely  to  be  removed  because  of  its  stochastic  nature.  The  focused  components 
and  the  large  T1D  effects  and  indeed  the  zenith  angle  effects  have  a promise  of  being  eliminated  either  by  modeling, 
dual  frequency  schemes,  or  by  adaptive  measures  similar  to  those  mentioned  by  Dr  Grossi  in  a previous  paper. 
Although  we  did  emphasize  the  so-called  scatter  component  of  ranging  error,  you  are  correct  in  pointing  out  that  the 
Lui  il  ijifttou.  iraiTsj  B kkpiUiK tJmpm  mint  ranging *snjt  wur^pmiwiH mgiriw  uftaty  wfavl, m 

much  larger  unless  sophisticated  techniques  are  employed  such  as  those  alluded  to  above. 

The  second  point  we  wished  to  discuss  in  the  paper  is  that  amplitude  scintillation  at  the  magnetic  equator  may 
reduce  the  S/N  ratio  to  such  an  extent  that  the  system  may  momentarily  lose  phase  lock.  This  and  other  statistical 
properties  of  the  data  will  be  discussed  in  the  final  manuscript. 

The  scope  of  this  paper  has  precluded  discussion  of  these  effects  on  system  navigational  accuracy  per  se,  but 
obviously  must  be  accounted  for  in  system  error  budget  considerations. 


H.Soicher,  US  Army  Electronic  Command,  Fort  Monmouth,  NJ  07703,  USA 

If  the  purpose  of  dual-frequency  satellite  transmission  is  to  eliminate  ionospheric  errors,  should  not  the  frequency 
sap.TnlSijH  bi  wiii_7  mi  in  NTY  an  i{rui  3 £ liT^r 

Author’s  Reply 

Obviously  a greater  separation  between  frequencies  allows  the  removal  of  ionospheric  refraction  and  differential 
delay  effects  more  accurately,  however,  practical  system  constraints  have  dictated  the  GPS  choice. 


H.Soicher 

I was  pleased  to  see  that  your  TEC  results  for  the  geomagnetic  anomaly  indicate  that  the  crests  maximize  in  the 
summer  hemisphere.  This  agrees  with  our  own  Sao  Paulo  results,  as  well  as  from  topside  sounder  results. 

Author’s  Reply 

Yes.  Several  examples  of  the  type  shown  in  the  slide  to  which  you  refer  have  been  noted.  We  are  now  in  the 
process  of  comparing  the  magnitude  of  the  observed  anomaly  with  accepted  models  such  as  the  BENT  and  the 
Ching-Chiu  models. 

Funding  limitations  have  precluded  data  reduction  of  large  numbers  of  passes  of  this  type,  but  the  raw  data  exists. 
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ABSTRACT 


A real-time  adaptive  scheme  developed  by  the  authors  for  ionospheric  range  error 
correction  in  precision  UHF  radars  appears  capable  of  reducing  this  error  to  below  10 
ft.  The  scheme  is  based  on  the  use  of  a model  of  the  monthly  median  ionosphere  con- 
structed from  existing  worldwide  climatology  (and  capable  of  providing  by  itself  a 
residual  range  error  not  larger  than  35  ft)  and  on  updating  and  correcting  this  model 
with  real-time  dual-frequency  measurements  (accurate  in  themselves  to  about  4 ft)  of  the 
columnar  electron  content.  This  is  done  for  directions  and  at  times  for  which  targets 
of  opportunity  (such  as  satellites  and  target  vehicles  embedded  in  the  ionosphere)  be- 
come available.  The  space-time  cell  in  which  the  dual-frequency  correction  maintains 
its  validity  is  so  large  (even  when  the  sunspot  number  grows  from  low  to  high)  that  a 
single  dual-frequency  sample  taken  along  a direction  that  cuts  across  the  volume  moni- 
tored by  the  radar  as  rarely  as  once  every  half  hour  still  suffices.  This  requires  that 
the  adopted  ionospheric  model,  while  the  solar  cycle  progresses,  correspondingly  becomes 
more  and  more  sophisticated  in  such  features  as  its  reproduction  of  horizontal  gradients. 
When  strong  impulsive  traveling  ionospheric  disturbances  propagate  through  the  volume 
covered  by  the  radar,  the  size  of  this  space-time  cell  reduces  and  more  frequent  dual- 
frequency probing  may  become  necessary. 

1.  INTRODUCTION  AND  SUMMARY 


Precision  radar  systems  require  corrections  for  time  or  range  errors  caused  by 
the  ionosphere,  when  that  medium  is  crossed  in  all  or  in  part  by  the  propagation  path. 
To  first  order  such  errors  are  directly  proportional  to  the  integrated  electron  content 
along  the  path  to  the  target.  In  real  time  these  radar  errors  may  be  substantially 
reduced  by  predictions  of  the  expected  propagation  effects  using  a model  of  the  monthly 
median  ionosphere  constructed  from  existing  worldwide  climatologies.  Such  median  cor- 
rections are  shown  to  have  a residual  day-to-day  r.m.s.  variability  about  the  median  on 
the  order  of  20-25  percent  of  the  median  value. 

For  instance,  the  expected  worst  median  case  (daytime,  equinox,  sunspot  maximum) 
for  range  errors  experienced  by  an  L-band  radar  at  mid-latitudes  are  shown  in  Table  1. 


Table  1 

Worst  Case  Monthly  Median  Uncorrected  Range  Errors  (ft)  at  1235  MHz 
and  Their  Variability  (1  Sigma) 


Target 

Altitude  (km) 

Radar  Elevation 

C 

75 

20° 

O 

O 

Range 
Error  (ft) 

Sigma 

Range 
Error  (ft) 

Sigma 

Range 
Error  (ft) 

Sigma 

1000 

147 

102 

20 

47 

9 

400 

107 

74 

16 

34 

mm 

300 

57 

11 

40 

8 

18 
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By  use  of  such  a model,  a goal  of  35  ft  for  the  1-sigma  residual  range  error  can 
be  achieved  at  L-band  even  during  expected  worst  median  conditions.  In  precision  radar 
systems  more  stringent  requirements  exist  and  the  ionospheric  induced  error  must  be 
typically  reduced  to  a few  feet. 

To  satisfy  such  requirements,  a real  time  adaptive  scheme  has  been  developed 
consisting  of  a model  of  the  median  ionosphere  for  the  particular  radar  coverage  region 
(derived  from  more  complicated  models  of  worldwide  climatology)  and  of  a set  of  algo- 
rithms to  provide  error  corrections  for  targets  at  specified  coordinates,  which  together 
attempt  only  to  deliver  an  r.m.s.  error  on  the  order  of  25%  of  the  expected  median  cor- 
rection at  that  location.  This  estimate  is  then  specified  by  a dual-frequency  disper- 
sive probing  of  the  ionosphere  in  the  target  area  by  the  radar  itself,  using  satellites 
of  opportunity  or  even  target  vehicles  embedded  in  the  ionosphere. 

The  dual-frequency  measurement,  with  accuracy  on  the  order  of  4 feet,  is  used  to 
derive  a normalization  factor  for  the  median  ionospheric  model  in  the  surveillance 
volume,  dependent  on  the  radar  range,  elevation  and  altitude  of  the  radar  target. 

The  interval  between  the  model's  adaptive  updatings  by  the  dual- frequency  probing 
depends  on  the  space  and  time  characteristics  of  the  ionosphere. 

At  times  of  low  sunspot  number,  a 10-ft  range  error  specification  can  be  met  at 
mid-latitude  by  using  a spherically  symmetric  monthly  median  ionospheric  model,  stored 
in  the  radar  processor  memory  and  adapted  with  dual-frequency  measurements  made  at  half 
hourly  intervals.  This  correction  is  effective  even  in  the  presence  of  a strong  Travel- 
ing Ionospheric  Disturbance  (TID) . 

At  times  of  high  sunspot  number,  the  radar  algorithms  must  consider  realistic 
gzjhlidite  liioikkJ  by  l.va  amliv.  iowopheiei  Th=  s£apti?e  Juai-iFaqurf.ey 
updating  is  still  sufficient  even  at  these  times  to  meet  the  10-ft  range  error. 

During  sporadic  disturbed  periods,  such  as  when  impulsive  TIDs,  generated  in 
auroral  substorms,  pass  over  narrow  regions  of  the  radar  coverage  volume,  the  space-time 
ceil  over  which  tiie  icp-it  Specification  can  ue  met  by  a single  normalization  will  aniiilK. 
in  both  space  and  time,  therefore  more  frequent  (in  time  and  space)  dual-frequency 
probing  may  become  necessary. 

2.  COMPUTER  SIMULATION  OF  IONOSPHERIC  RANGE  ERROR  CORRECTION  PROCEDURE  (ADAPTIVE 

APPROACH) 

Figure  1 provides  the  simplified  block  diagram  of  the  computer  simulation  of  the 
range  error  correction  procedure. 

Block  (2)  "Stored  Ionospheric  Model"  is  a median  model  with  realistic  horizontal 
gradients,  climatologically  adjusted  to  the  month  and  the  hour  under  investigation.  The 
adjustments  are  provided  by  Block  (1) . 

Block  (3)  "Simulated  Radar  Data"  has  been  constructed  with  a ray  tracing  program 
that  computes  the  apparent  range  (group  path  range)  for  directions  and  geometric  ranges 
of  interest  in  the  volume  covered  by  the  radar.  In  these  computations  several  iono- 
spheric models  have  been  adopted  to  treat  the  cases  listed  in  'iablc  2. 

The  "spherically  symmetric  median"  model  has  been  obtained  from  the  model  in 
Block  (2)  by  arbitrarily  setting  to  zero  the  horizontal  gradients. 

The  "spherically  symmetric  anomalous"  model  has  been  obtained  from  the  model  in 
Block  (2)  by  moving  its  f0F2  an<*  F2Hmax  awaV  fr0!n  median  values.  In  the  other  two 
models  (both  with  horizontal  gradients)  similar  la  and  2o  alterations  have  been  applied. 

In  Block  (4)  the  "adaptive  model  updating"  is  done  based  on  simulated  ionospheric 
measurements,  with  the  pulse  pair  (double  frequency)  method  applied  only  once  on  a 
satellite  of  opportunity.  More  precisely,  the  "stored  ionospheric  model"  is  adaptively 
updated  by  resetting  to  zero  the  ionosphere-induced  range  error  (by  multiplicative  cor- 
rection) at  the  point  in  the  three-dimensional  space  that  corresponds  to  the  position  of 
the  observed  satellite  and  by  extrapolating  this  correction  (with  the  same  multiplica- 
tive factor)  to  all  other  predictions  of  ionospheric  range  errors  everywhere  else  in  the 
volume  under  observation.  For  instance,  let’s  assume  the  following  situation* 

a)  The  real-time  sampling  of  the  ionosphere  by  the  pulse  pair  method  indicates 
that  at  0.6°  above  horizon  and  for  a satellite  down  range  distance  of  3200  km 
the  ionospheric  range  error  is  +40  ft. 


Table  2 

Cases  Used  In  Evaluating  Range  Error  Correction  Procedure 


i' 

V 


k 


V 

V- 


r 

x 

* 


MODELS  USED  IN  SIMULATING 
DUAL -FREQUENCY  RADAR 
MEASUREMENTS 
OF  THE  IONOSPHERE 

RADAR  PROPAGATION  PATH  WHERE  PULSE  MEASUREMENT  IS  PERFORMED 

A)  RADAR  *T0 -SATELLITE 
PATH  CROSSES  VOLUME 
AT  OBSERVATION  TIME 

B)  RADAR-TO-SATELLITE 
PATH  CROSSES  VOLUME 
1/2  HOUR  OUT  OF  TIME 

C)  RADAR-TO-SATELLITE 
PATH  40°  ABOVE 
HORIZON.  PASS 
OCCURS  AT  OBSERVA- 
TION TIME. 

D)  RADAR-TO-SATELLITE 
PATH  40°  ABOVE 
HORIZON.  PASS 
OCCURS  1/2  HOUR 
OUT  Or  TIME. 

1.  SPHERICALLY  SYMMETRIC  - 
MEDIAN 

1A 

IB 

1C 

ID 

2.  SPHERICALLY  SYMMETRIC  - 
ANOMALOUS 

2A 

2B 

2C 

2D 

3.  MODEL  WITH  HORIZONTAL 

GRADIENTS,  lo  FROM  MEDIAN 

3B 

3C 

3D 

4.  MODEL  WITH  HORIZONTAL 

GRADIENTS,  20  FROM  MEDIAN 

4A 

4B 

4C 

40 

NOTE i THE  "STORED  IONOSPHERIC  MODEL"  IS  A MEDIAN  MODEL  WITH  HORIZONTAL  GRADIENTS. 


b)  The  error  prediction  contained  in  the  "stored  ionospheric  model"  indicates 
for  the  same  elevation  and  for  a down  range  distance  as  above  we  have  an 
error  of  +60  ft. 

c)  We  conclude  that  the  "stored  ionospheric  model"  is  too  dense  and  we  multiply 
the  table  of  all  predicted  ionospheric  range  errors  by  0.67. 

d)  We  reset  to  zero  (40  - 0.67  x 60  = 0)  the  error  residual  for  the  elevation 
and  down  range  distance  mentioned  above  and  we  adopt  as  the  "updated  estimate" 
of  the  ionospheric-induced  errors  in  the  entire  radar  volume  a new  table  ob- 
tained from  the  old  one  with  all  the  predictions  multiplied  by  0.67. 

e)  From  all  radar-measured  ranges  (apparent  ranges)  we  now  subtract  the  "updated" 
estimate  of  the  ionospheric  error  in  order  to  obtain  the  estimate  of  the  true 
geometric  range.  In  the  computer  simulation  we  use  the  same  procedure  to 
evaluate  the  range  error  residuals  (difference  between  simulated  pulse  pair 
measurement  of  the  ionospheric  range  error  and  the  error  prediction  obtained 
from  the  updated  ionospheric  model)  and  we  check  whether  these  residuals  are 
within  the  maximum  allowed  value  (say,  nominally  a few  feet). 

Figures  2 through  6 provide  some  examples  of  the  calculations  that  we  have  per- 
formed. Figure  2 is  a Block  (7)  ionospheric  error  prediction  printout  computed  with  the 
"median  model  with  realistic  horizontal  gradients"  at  an  azimuth  located  at  the  center 
of  the  radar  coverage  volume  for  December  1980,  Local  Time  1200  Hours,  and  for  the  fre- 
quency of  1275  MHz.  The  numbers  in  Figure  2 represent  the  range  errors  due  to  the  iono- 
sphere, when  no  correction  procedure  is  adopted.  Figures  3 and  4 are  two  sets  of  Block 
(5)  ionospheric  error  examples  obtained  from  simulated  radar  data  (Case  3A  in  Figure  3 
and  Case  3B  in  Figure  4).  Figures  5 and  6 give  the  residual  error  after  adaptive 
correction  (Blocks  8 and  9 of  Figure  1)  for  these  two  cases.  It  can  be  concluded  that 
one  adaptive  updating  every  half  hour  done  on  satellites  of  opportunity,  located  at  such 
points  that  the  propagation  path  crosses  the  radar  coverage  volume,  suffices  to  provide 
acceptable  range  error  residuals  for  an  ionosphere  at  a peak  of  the  solar  flare  activity 
(SSN  - 100)  and  10  away  from  median  conditions. 

3.  MODEL'S  SOFTWARE  MECHANIZATION 

3. 1 General 

The  range  correction  model  consists  of  three  16-element  vectors  [Allen,  1974]. 

Let's  assume,  as  an  example,  a radar  azimuth  span  from  308°  to  325°T,  an  elevation  angle 
span  from  0.5°  to  15°,  and  a height  span  from  0 to  1000  km.  Ionospheric  range  correc- 
tions (let's  call  them  AR)  are  required  at  each  location  in  the  volume.  The  value  of 
AR  is  generated  by  multiplication  of  the  three  16-element  vectors  producing  4,096  values  j 

of  AR^-jfc,  with  i,  j,  k indices  representing  16-element  matrices  (i  for  height,  j for 
elevation  angle,  and  k for  azimuth),  is  generated  by  the  following  equations 

AR.  ..  = (H.  E.  A,  ) C„(U) 

13k  13k  0 

where 

H.  is  a 16-element  vector  which  represents  the  variation  in  height  referenced  to 
1000  km  at  a constant  elevation  angle  (0.5°)  and  constant  azimuth  (319°T); 


E is  a 16-element  vector  which  represents  the  variation  in  elevation  angle 
3 referenced  to  0.5°  at  a constant  azimuth  (319°)  and  constant  height  (1000  km) 

A^  is  a 16-element  vector  which  represents  the  variation  in  azimuth  referenced 
to  319°T  at  a constant  height  (1000  km)  and  constant  elevation  angle  (0.5°); 

CQ  is  a normalization  constant  which  makes  the  largest  value  in  the  H.  vector 
(which  occurs  at  1000  km)  equal  to  1;  1 

U is  a factor  which  updates  the  model  either  from  a real  time  (every  half  hour) 
pulse  pair  measurement  from  a satellite  within  the  radar  coverage  or  from  an 
ionospheric  update  service  such  as  the  Air  Weather  Service  (AWS)  Prediction 
Service. 


3. 2 Height  Vector 

At  319°T  (assumed  to  be  boresite,  Mz  = 0)  and  0.5°  elevation  angle  the  range 
corrections  at  a frequency  of  1275  MHz  are  determined  in  16  steps  in  height.  If  we 
adopt  a function  I defined  as 

I = K [(1  + h/R)2  - 1] 
it  can  be  shown  that 

I = K [(r/R)2  + 2 (r/R)  sin  E] 

where  h = height  of  target  above  earth  in  kilometers,  R is  the  radius  of  the  earth  in 
kilometers,  K is  the  scaling  constant  such  that  I = 16  at  h = 1000  km,  r is  the  target 
range  in  kilometers,  and  E is  the  elevation  angle.  As  r and  sin  E are  normally  avail- 
able in  a real  time  system,  it  is  relatively  straightforward  to  calculate  I.  Thus, 
storing  the  ionospheric  corrections  in  I space  reduces  computational  requirements. 

Table  3 shows  the  value  of  i,  I and  the  corresponding  height  for  16  steps  along  an  0.5° 
elevation  angle.  The  constant  K = 47.25.  Note  that  at  h = 0 km,  1=0  and  the  iono- 
spheric correction  is  zero.  If  in  the  calculation  of  I we  have  I = 5.4,  the  value  of  H 
at  i = 5.4  is  determined  by  linear  interpolation  between  the  value  of  H at  i = 5 and 
i = 6.  The  constant  Cg  is  equal  to  l/H^g  an^  all  values  of  H are  divided  by  H16  before 
entry  into  the  H^  vector. 


Table  3 


Height  Vector  H^ 


i 

i 

h (km) 

H . * 
1 

0 

0 

i 

1 

67.05 

2 

2 

133.4 

3 

3 

199.1 

4 

4 

264.2 

5 

5 

328.6 

6 

6 

392.4 

7 

7 

455.  6 

8 

8 

518.2 

9 

9 

580.2 

10 

10 

641.7 

11 

11 

702.7 

12 

12 

763.2 

13 

13 

823.1 

14 

14 

882.5 

15 

15 

941.5 

16 

16 

1000.0 

* 

generated  by  model. 

3. 3 Elevation  Vector 

The  elevation  vector  E are  arrayed  in  (sin  E)  space  where  Sin  E = v cos  EQ  + 
w sin  E0  (Eo  is  the  tilt  of  the  array  from  zenith) . The  16  elements  of  th'_  vector  are 
generated  in  equal  increments  of  sin  space  from  0.5  (j  = 1)  to  15  (j  = 16)  degrees. 
Table  4 lists  the  element  number  "j" , the  elevation  and  sin  E for  the  16  elements.  If 
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the  calculated  sin  E from  the  radar  data  falls  between  vector  elements,  linear  interpo- 
lation between  vector  elements  are  used. 

Table  4 


Elevation  Vector  E . 

3 


(j)  Vector  Element 


E 

sin  E 

0.50 

0.00873 

1.46 

0.02540 

2.41 

0.04207 

3.  37 

0.05875 

4.  33 

0.07542 

5.  28 

0.09209 

6.24 

0.10876 

7.21 

0.12544 

8. 17 

0.14211 

9.14 

0.15878 

10;  11 

0.17545 

11.08 

0.19213 

12.05 

0.20880 

13.03 

0.22547 

14.01 

0.24215 

15.00 

0. 25882 

Ej  generated  by  model. 


Azimuth  Vector 


The  azimuth  vector  AR  [Kahrilas,  1976]  is  arrayed  in  (Tan  AAz)  space  where 


Tan  AAz  = 


w cos  EQ  - v sin  EQ 


Azq  - Az 


319°T) 


The  16-element  azimuth  vector  is  generated  in  equal  steps  of  Tan  AAz  at  0.5°  elevation 
angle  (j  = 1)  and  h = 1000  km  (i  = 16).  Table  5 lists  the  16  elements  of  the  azimuthal 
vector  including  the  element  number  "k",  the  true  azimuth,  the  difference  between  true 
and  boresite  azimuth,  and  the  tan  AAz.  If  the  calculated  Tan  AAz  from  the  radar  data 
falls  between  vector  elements,  linear  interpolation  between  vector  elements  is  used. 

Table  5 

Azimuth  Vector  A„ 


Az  (°T) 


324.6 
323.4 
322.  3 

321.3 

320. 1 

319.0 
317.9 
316.8 

315.7 
314.6 

313.4 

312.3 

311.3 

310.2 

309. 1 
308.0 


A generated  by  model 
K 


AAz  (°) 


Tan  AAz 


-0.09719 

-0.07775 

-0.05831 

-0.03888 

-0.01944 

0 

0.01944 

0.03888 

0.05831 

0.07775 

0.09719 

0.11663 

0.13607 

0.15550 

0.17494 

0.19438 


3. 5 Update  Procedure 
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In  our  study  we  have  considered  two  update  procedures,  one  adaptive  and  one  non- 
adaptive.  In  both  cases  a single  value  multiplicatively  updates  the  values  of  AR.  ••  for 
all  i,  j and  k.  The  first  update  procedure  is  based  on  the  use  of  a pulse  pair  (dual 
ir=4’&=r.’cy)  i_l  the  iofi~i.pl, by  utir.g  a jalelliti  of  v.pp^Ttftf.ity  t>_  tar 

get.  This  update  procedure  must  be  repeated  every  half-hour.  The  second  procedure  is  a 
non-adaptive  update  approach  based  on  data  provided  by  an  ionospheric  update  service 
such  as  AWS.  If  the  dual-frequency  measurement  is  not  available  or  otherwise  unaccept- 
able fuj.  rf.altvci  iSasuii,  Uit  iffW5  uipdab*  io  used  instead.  In  addition,  the  h<tS  update 
is  used  to  ensure  that  the  pulse  pair  (dual  frequency)  update  does  not  generate  unrea- 
sonable corrections. 


The  update  algorithm  for  the  pulse  pair  (Upp)  is 
Ab 


Upp 


Ar. 

ijk 


where 


Ab 


(\  - V fH2  fL2 


2 2 
f (f 
OP  ' H 


R^  is  the  apparent  range  to  satellite  at  f 

R^  is  the  apparent  range  to  satellite  at  f 

f is  the  opera; ing  frequency  of  the  radar  (1275  MHz) 

Ab  is  the  ionospheric  correction  factor  obtained  directly  from  the  pulse  pair  measure- 
ments and  AR. . is  the  prediction  of  the  model  at  that  location. 

IJK 

The  Air  Weather  Service  (AWS)  provides  an  update  Uftws  on  a three-hour  basis. 

This  number  is  used  in  the  same  manner  as  the  number  generated  from  the  dual-frequency 
measurement  except  that  it  requires  an  operator-initiated  action.  The  update  is  defined 
as  the  ratio  U where 

AWb 

AWS  Predicted  TEC 
AWS  Median  TEC 

where  TEC  is  the  vertical  Total  Electron  Content.  The  update  Uftws  is  provided  for  210°W 
longitude  and  63°N  latitude,  which  is  in  the  example  that  we  have  chosen  the  "nominal 
ionospheric  characteristic  location"  for  the  radar  coverage. 


3. 6 Software  Structure  for  the  Ionospheric  Range  Correction  Procedure 

For  each  hour  of  the  day  (24  hours  per  day)  seven  computer  cards  form  the  set  of 

inputs  required  by  the  model.  The  24  sets  of  seven  computer  cards  are  valid  for  each 

day  of  the  month.  Each  new  month  requires  a new  set  of  cards.  Figure  7 shows  a listing 

of  the  seven  computer  cards  for  April  1976  at  OOOOZ.  The  first  card  is  a header  card 

which  specifies  the  month,  year,  hour  (in  universal  time)  and  the  constant  Cg  in  feet. 
The  last  8 columns  of  each  card  (columns  73-80)  contain  the  year,  month,  hour  and  card 
number  with  the  header  card,  Card  No.  00.  The  next  two  cards  contain  the  height  vector 
H^.  The  location  of  Hi  for  i * 1 to  16  is  noted  on  Figure  7.  In  like  manner  cards  3 
and  4 contain  the  elevation  vector  Ej  in  sin  space  and  cards  5 and  6 contain  the  azimuth 
vector  A in  tan  space. 

Figure  8 is  a listing  of  the  computer  cards  which  provide  the  ionospheric  range 
error  model  for  the  month  of  June  1976.  In  addition  to  the  deck  of  computer  cards 
represented  by  Figure  8,  a plot  of  range  error  versus  down  range  and  height  above  the 
earth  is  also  provided.  One  such  plot  is  provided  for  each  hour,  or  a total  of  24  plots 
for  each  month. 


4,  EXPERIMENTAL  EVIDENCE  ON  CELL  STRUCTURE  SIZE 

The  residual  error  after  using  the  adaptive  update  of  the  model  wii3  have  both  a 
spatial  and  a temporal  variability.  Since  the  radar  range  error  is  directly  related  to 
the  total  electron  content  (TEC)  encountered  along  the  radar  line  of  sight,  that  error 
can  be  estimated  from  measurements  of  TEC  from  archive  sources. 


4. 1 Spatial  Variability 


An  example  of  the  potential  of  this  specification  technique  to  remove  spatial 
variability  is  shown  in  Figure  3.  Differential  Doppler  records  taken  at  Millstone  Hill» 
Mass,  during  1972  using  one  of  the  TRANSIT  satellites  of  the  Navy  Navigation  Satellite 
System  *3o.e  J U i-iuivc.le.it  vt-itiod  electron  cuntoTit  (Nicholas  Tom j afsovicli , pre- 

liminary data) . A standard  Air  Force  prediction  program,  used  to  estimate  the  median 
value  of  TEC  along  the  satellite  path,  and  separate  measurements  of  TEC  from  Hamilton, 
Mass,  and  from  Goose  Bay,  Labrador,  using  Faraday  rotation  measurements  of  ATS-3  signals 
at  the  time  of  the  pass,  were  compared  with  the  observations.  There  is  a general  fit  of 
the  latitude  gradients  along  the  path  for  both  the  median  prediction  and  the  two  sets  of 
observations. 

From  the  TRANSIT  pass,  the  value  of  TEC  at  closest  approach  was  used  to  scale  the 
median  prediction  at  this  point,  and  this  corrective  factor  was  applied  to  the  median 
prediction  along  the  entire  path.  The  resultant  normalized  prediction  has  a spatial 
variability  of  less  than  5 percent  within  a few  degrees  of  the  central  scaling  region. 
The  maximum  deviation  increases  with  distance  along  the  path,  to  the  order  of  10  percent 
at  the  extremes.  This  is  a consistent  daytime  result  (Figure  10)  for  a representative 
sample  of  five  TRANSIT  passes  from  five  different  months  selected  by  computer  to  fall 
within  ±0.5  degrees  of  longitude  of  the  subionospheric  point  of  the  ATS-3  measurements 
made  from  Hamilton,  Mass. 

These  initial  results  for  specification  of  the  daytime  ionosphere  indicate  that 
the  proposed  technique  of  adaptive  modeling  of  the  median  range  error  by  normalization 
to  the  central  region  of  a satellite  pass-track  can  produce  a tenfold  reduction  of  the 
variability  expected  from  monthly  median  observations. 

The  median  range  err  Ox  s expected  dux  night  hours  arts  al>uut  a uiagnitude  less 
than  those  expected  during  the  day.  Although  the  day-to-day  percentage  variability 
about  the  median  is  only  slightly  worse  for  night  hours  (30  percent)  than  for  day  hours 
(20  percent) , sharply  localized  features  in  the  ionosphere  may  make  it  just  as  necessary 
to  use  the  adaptive  model  during  the  night. 

Figure  ll  illustrates  the  significant  local  features  which  frequently  occur  in 
the  night  ionosphere.  The  steep  gradient  of  electron  content  found  over  small  latitude 
intervals  along  the  TRANSIT  path  is  confirmed  by  the  gradient  measured  simultaneously 
with  the  ATS-3  beacon  at  Hamilton,  Mass,  and  at  Goose  Bay,  Labrador.  The  prediction  of 
the  monthly  median  has  not  be  normalized  to  the  observations.  The  model  predicts  only 
a slight  gradient  at  this  time,  but  the  absolute  error  at  nighttime  is  of  the  same  order 
as  the  absolute  daytime  error  using  the  scaled  median  prediction.  We  have  not  had 
sufficient  data  to  determine  whether  scaling  at  nighttime  will  improve  the  prediction. 

If  the  observed  gradients  are  a consistent  nighttime  feature,  then  scaling  could  intro- 
duce new  errors  and  an  improvement  in  prediction  would  have  to  result  from  improved 
modeling  of  these  features. 

4.2  Temporal  Variability 

In  parallel  with  the  spatial  variability,  the  temporal  variability,  using  a 
similar  scheme  for  scaling  the  median  prediction,  is  being  examined.  The  values  of  TEC, 
as  determined  from  measurements  of  ATS-3  signals  taken  at  Hamilton,  Mass,  in  15-minute 
intervals  for  the  year  1972,  have  been  used  for  the  local  observations  in  the  initial 
phase  of  this  study.  "'he  effectiveness  of  the  median  10-day  prediction  was  examined  by 
comparing  the  standard  deviation  of  the  observations  from  the  monthly  mean  of  the  ob- 
servations with  the  standard  deviation  of  the  observations  from  the  median  prediction. 
The  error  is  equivalent  in  both  cases,  one  of  the  indications  that  the  observed  mean  is 
being  successfully  modeled. 

To  simulate  adaptive  updating  of  a model  ionosphere,  the  ATS-3  measurements  in 
TEC  units  and  the  median  prediction  of  TEC  were  used  to  determine  a scaling  factor  at 
each  hourly  observation.  The  rerultant  scaling  factor  was  then  used  to  scale  the  pre- 
diction at  15-minute  intervals  for  the  succeeding  12  hours.  The  monthly  mean  of  this 
scaled  prediction  was  determined,  and  the  standard  deviation  of  the  observations  from 
the  new  prediction  was  calculated.  Figure  12  shows  the  error,  in  TEC  units,  for  the 
hourly-based  12-hour  predictions  for  2-hour  intervals  for  the  month  of  September  1972, 
with  the  error  from  the  monthly  moan  of  the  observations  and  the  median  prediction.  It 
is  apparent  that  throughout  most  of  the  day  and  nighttime  hours  a local  measurement  will 
improve  the  median  prediction  for  several  hours,  with  reductions  in  error  of  50%  or 
more  still  possible  two  or  three  hours  after  normalizing  the  model.  A constraint  in 
this  scheme  occurs  in  the  pre-dawn  period  when  the  error  for  a prediction  based  on  any 
measurement,  including  one  taken  in  the  period  near  sunrise,  rapidly  exceeds  the  error 
using  a median  prediction.  Except  for  this  brief  period,  the  error  using  a scaled 
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prediction  is  usually  less  than,  and  does  not  exceed,  the  median  prediction  error  even 
12  hours  after  normalization. 

The  potential  effectiveness  of  this  technique  depends  on  the  time  interval  be- 
tween local  TEC  measurements.  Figures  13  and  14  summarize  the  results  of  predictions 
based  on  30-minute  and  2-hour  observations  respectively,  for  the  year  1972.  The  dashed 
lines  approximate  sunrise  and  sunset,  the  contours  are  the  rms  percent  error.  To  con- 
sistently reduce  the  rms  error  to  less  than  5%  for  most  of  the  daytime,  measurements 
woul  . have  to  be  made  in  intervals  no  greater  than  30  minutes.  The  error  rarely  exceeds 
10%  at  any  time  other  than  the  period  near  sunrise,  but  even  at  these  times,  the  abso- 
lute error  does  not  exceed  the  maximum  daytime  error. 

For  a prediction  based  on  a 2-hour  observation,  there  is  still  a significant 
reduction  in  error.  The  rms  error  is  less  than  15%  for  most  of  the  daytime  hours  and 
near  sunrise  it  exceeds  the  median  prediction  error,  but  for  most  of  the  year  it  is  less 
than  the  20  to  25%  expected  rms  error  using  a median  climatology. 

The  comparison  of  the  TRANSIT  passes  with  the  scaled  median  prediction  has  shown 
that  a reduction  in  error  to  5 percent  is  possible  in  daytime,  within  a few  degrees 
latitude  of  the  normalization  point.  This  is  equivalent  to  the  daytime  reduction  in  rms 
error  using  30-minute  observations  to  scale  the  median  prediction.  The  daytime  error  in 
spatial  variation  increases  to  about  10%  over  15°  latitude,  which  is  comparable  to  the 
10%  rms  error  in  daytime  using  a median  prediction  scaled  with  hourly  observations. 
Initial  indications  are  that  spatial  and  temporal  variations  are  comparable  in  magnitude 
when  considered  on  a mean  basis.  Also,  since  the  TRANSIT  passes  are  effectively  north- 
south,  and  the  temporal  variations  can  b»  considered  east-west,  it  appears  that  direc- 
Liua  1*  iet  i friwfy  In  iVtfWring  feetiaiUn  or  tititr,  Laala- 

5.  CONCLUSIONS 

The  problem  of  correcting  the  range  errors  induced  by  the  propagation  in  the 
ionosphere  of  electromagnetic  waves  used  by  navigation  and  positioning  systems  is 
acutely  felt  by  numerous  communities  of  investigators  and  users. 

The  dispersivity  of  the  ionosphere  is  of  substantial  help  in  solving  this  prob- 
lem, when  dual-frequency  observations  are  feasible  and  practical.  Models  of  the  iono- 
sphere are  also  of  some  use  when  only  single-frequency  observations  are  available. 

When  possible,  an  adaptive  combination  of  dual-frequency  measurements  and  models 
based  on  climatology  represents  a solution  with  relevant  practical  advantages.  Time 
commitment  of  the  radar  to  perform  ionospheric  measurements  can  be  reduced  to  a minimum 
so  that  most  of  the  radar  time  can  be  devoted  to  its  fundamental  mission  of  target  ob- 
servation. A stored  model  of  the  ionosphere  provides  the  basic  data  for  continuous 
range  error  correction.  The  dual-frequency  observations  update  the  model,  possibly  and 
preferably  performing  this  function  at  times  that  are  not  at  premium  (wnen  no  important 
targets  are  in  sight) . Our  research  has  shown  that  residual  range  errors  of  a few  feet 
are  attainable  by  performing  dual-frequency  model  updating,  only  once  every  half-hour 
or  so. 

An  approach  of  adaptive  model  updating  such  as  the  one  described  in  this  paper 
appears  to  these  authors  to  show  a good  potential  not  only  for  the  correction  of  iono- 
spheric errors,  but  for  the  correction  as  well  of  all  sorts  of  propagation  errors.  This 
is  especially  true  for  cases  in  which  the  model  of  the  medium  would  not  be  able  to  pro- 
vide by  itself  alone  the  required  accuracy,  while  the  radar  itself  could  not  devote  any 
sizeable  portion  of  its  operation  time  to  medium  sampling. 
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Figure  1 Ionospheric  Error  Correction  Simulation  - Simplified  Flow  Chart. 


0.5* 


3 4*  6.2* 


ELEVATION  ANGLE 

9.T  12.1*  15*  25*  30* 


45* 


tO9  75*  90* 


51 

26 

24  24 

r- 

1000 

51 

26 

24  24 

- 

942 

51 

26 

24  24 

- 

883 

•0 

31 

26 

24  24 

- 

823 

39 

5 

26 

24  24 

- 

763 

*9 

51 

26 

24  25 

- 

703 

59 

SI  26  24  25 

- 

642 

46 

59 

51 

26  24  23 

- 

580 

46 

59 

31 

26  24  25 

- 

519 

45 

39 

50 

26  25  23 

- 

456 

51 

45 

57  29 

24  22  21 

- 

392 

47 

45 

56 

32 

25  21  19  16 

- 

329 

52 

50 

29 

24  20 

15  15  II  II 

- 

264 

10 

10 

a 

6 

7 

7 4 3 5 5 

- 

199 

1 

1 

1 

1 1 

1 1 0 0 00 

- 

133 

0 

0 

0 0 

0 0 0 0 0 

L. 

67 

i 

1000 

i 

T 

i 

i i 

0 

49  57  59  59  57  54 

49  57  58  59  57  54 

49  57  59  59  57  54 

49  57  59  59  57  54 


6 40 

46  40 

46  40 

46  < 


49  59  59  59  57  54 

49  56  59  59  57  *4 

59  59  57  54 


4; 

/ 


49 


56 


46 


RANGE  ERROR  «» 
IN  FEET 


56 


59  59  57  54 

56  56  59  57  54 

55  56  56  56  55 

46  52  56  56  54  51 

40  46  49  4S 

26  50  52 

• 9 

I 


— i r 

3CC0 


— i 1 1 r 

200u 

GROUND  RANGE  (Km) 


Figure  2 Stored  Ionospheric  Model  (Median  Model  for  Ionospheric  Range  Errors,  LT  1200, 
December  1980,  Including  Realistic  Horizontal  Gradients). 
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Figure  8 Example  of  Listing  of  Computer  Deck  for  Ionospheric  Correction  (June  1976). 
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Figure  9 Specification  of  Median  Latitude  Variation  of  Vertical  Content  by  a Local 
Measurement. 


Figure  10  Comparison  of  Normalized  Prediction  of  Median  Gradient  with  Observed  Total 
Content  to  800  km. 


Figure  11  Comparison  of  Predicted  Median  Gradient  with  Observed  Nighttime  Gradient  in 
Total  Content 
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Figure  12  Standard  Deviation  from  Observed  Values  of  Total  Electron  Content  (ATS-3 
Observations,  September  1972), 
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ABSTRACT 


Radio  signals  from  geostationary  satellites  are  observed  to  scintillate  in  amplitude  and  phase 
as  the  result  of  traversing  the  ionosphere.  These  scintillations  affect  the  operation  of  radio  systems  at 
very  high  and  ultra  high  frequencies. 

The  radio  beacon  on  board  the  geostationary  satellite  ATS6  emits  phase  coherent  signals  on  fre- 
quencies near  40,  140  and  360  MHz  and  observations  of  the  beacon  (amplitude  and  phase)  were  made  at  Boulder 
from  June  1974  to  May  1975.  A particularly  interesting  phenomenon  was  observed  characterized  by  the  follow- 
ing features: 

(1)  An  almost  total  fade  out  of  the  amplitudes  of  the  40,  140  and  360  MHz  signals. 

(2)  Asymmetric  Fresnel-type  fading  of  the  signals  on  both  sides  of  the  deep  fades,  with  periods 
of  the  order  of  1 sec. 

(3)  A distinctive  modulation  of  the  diffraction  (fading)  pattern. 

The  peculiar  diffraction  patterns  have  been  simulated  by  the  use  of  cylindrical  lenses  in  the 
ionosphere  which  give  Gaussian  distributions  of  phase  advance.  To  produce  the  observed  modulations  and  deep 
phases  the  lenses  must  have  cross  sections  with  radii  of  the  order  of  100  m and  intense  core  densities. 

The  core  of  the  lens  may  be  overdense  for  the  40  MHz  signal. 

The  asymmetric  fading  pattern  may  be  caused  by  one  of  two  effects: 

(a)  An  asymmetric  cross  section. 

(b)  A cylinder  expanding  in  time. 

To  examine  the  effects  of  the  lens  on  gigahertz  frequencies  fading  patterns  have  been  calculated 
for  radio  frequencies  of  720,  1440  and  2880  MHz  using  appropriate  scaling  rules. 

Calculations  have  also  been  made  with  a focussing  (positive)  lens  on  40  MHz  and  140  MHz. 


1.  INTRODUCTION 

The  amplitude  and  phase  fluctuations  of  radio  signals  passing  through  the  ionosphere  imposes  limi- 
tations on  the  available  bandwidth.  These  fluctuations  are  produced  by  ionospheric  irregularities  which 
modify  the  shape  of  the  wavefront.  When  the  deformation  of  the  wavefront  is  small  the  ionosphere  can  be 
treated  as  a weak  diffraction  screen.  When  the  phase  variation  across  the  wavefront  exceeds  about  one  ra- 
dian the  ionosphere  can  no  longer  be  treated  as  a weak  diffraction  screen  and  the  mathematical  analysis  in 
this  case  becomes  extremely  complicated,  especially  in  the  general  case  of  an  irregular  screen.  The  present 
paper  deals  with  a strongly  diffracting  ionospheric  irregularity. 

In  recent  years  many  instances  have  been  reported  of  regular  (or  quasi-periodic)  amplitude  fluctu- 
ations produced  by  isolated  ionospheric  plasma  blobs  or  lenses.  For  example,  singleton  (1964)  has  investi- 
gated the  focussing  of  radio-star  signals  while  Ireland  and  Preddy  (1967),  Elkins  and  Slack  (1969)  and  Slack 
(1972)  observed  quasi-periodic  fading  of  radio  signals  from  both  orbiting  and  geostationary  satellites. 

These  authors  have  explained  the  fading  phenomenon  as  the  interference  of  refracted  signals.  Titheridge 
(1971)  has  used  the  Kirchoff  integral  to  calculate  the  diffraction  pattern  on  the  ground,  caused  by  cylin- 
drical lenses  that  produce  Gaussian  distributions  of  phase  across  the  wavefront. 

In  the  work  reported  here  we  discuss  a particular  feature  sometimes  obrerved  with  the  quasi- 
periodic  fading,  namely  the  modulation  of  the  amplitude  pattern.  We  shall  shew  that  sui  modulated  pat- 
terns can  be  produced  by  small  scale  (less  than  one  Fresnel  radius)  irregularities.  A review  of  small 
scale  structure  of  the  ionosphere  has  recently  been  published  by  Pope  and  Rufenach  (1975)  with  special  em- 
phasis on  the  effects  on  the  scintillation  of  SHF  waves.  We  shall  calculate  appropriate  diffraction  pat- 
terns for  rome  super-high  frequencies  in  section  4. 


•This  work  was  carried  out  while  the  author  held  the  H.  C.  Webster  Fellowship,  Department  of  Physics, 
University  of  Queensland,  St.  Lucia,  Qld. , Australia,  4067. 


2. 


THE  ATS6  RADIO  BEACON  EXPERIMENT 


The  particular  observation  to  be  discussed  here  is  illustrated  in  Figure  1 which  contains  the  ampli- 
tude records  of  40,  140  and  360  MHz  signals  emitted  by  the  ATS6  geostationary  satellite  (0°N,  94°W)  and  re- 
ceived at  Boulder,  Colorado.  Further  details  of  the  radio  experiment  have  been  published  elsewhere  (see 
Davies  et  al.,  1975  a,b).  The  recorded  signals  are  circularly  poJarized  and,  therefore,  free  of  Faraday 
rotation.  The  quasi-periodic  pattc^-.s  are  characterized  by  a deep  central  minimum  and  a somewhat  asymmetric 
pattern  in  which  the  fading  frequency  increases  away  from  the  centre.  The  event  shown  in  Figure  1 is  rather 
unusual  in  that  there  is  almost  a complete  fade-out  even  on  360  MHz.  The  presence  of  the  modulated  envel- 
opes can  be  seen  in  other  published  records  as  for  example  Ireland  and  Preddy  (1967,  Fig.  1(d)),  Kelleher 
a.iJ  Martin  (1975,  Fig.  1),  and  Slack  (1972,  Fig.  1)  but  they  have  not  been  emphasized.  A simulation  of  some 
of  these  records  has  recently  been  published  by  Herron  (1976).  The  particular  event  considered  here  has 
also  oeen  studied  by  tope  and  wuienath  ii375j . 


3 . LENS  MODELS 


In  our  studies  of  the  modulation  of  the  fading  pattern  we  have  used  an  extension  of  the  classical 
Cornu  spiral  (see  Jenkins  and  White,  1957,  Chapter  18).  In  particular,  in  their  Figure  18V  (Av  = 0.5), 
Jenkins  and  White  show  that  a modulated  diffraction  pattern  is  produced  by  a very  narrow  opaque  strip.  It  is 
important  to  realize  that,  whereas  the  regular  (unmodulated)  fading  is  produced  by  the  interference  of  two 
signals,  three  signals  are  required  to  produce  the  modulation. 


The  cylindrical  lens  used  in  the  present  study  is  shown  in  Figure  2 and  produces  a Gaussian  distri- 
bution of  phase  $ across  the  emergent  wavefront,  i.e. 


$ = <t>0  exp 


(1) 


where  is  the  phase  advance  for  the  wave  passing  through  the  centre  of  the  lens  located  at  R from  the 
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wavefront  and  a is  the  size  of  the  lens.  R,  R and  a are  measured  in  terms  of  the  radius  of  the  first 
Fresnel  zone  (see  eq.  3).  Provided  there  are  no  discontinuities  in  the  emergent  wavefront  there  will  be  an 
«*.'  auribst  Bt  tBtft  niMK,  «*  t.  T DU.  Me  ebnmHWl  tie  MchMlst  Of)  (I)  AdUMkl  K u 

the  centre  of  the  pattern.  Modulation  of  the  pattern  is  the  result  of  phase  differences  between  rays  (2) 
and  (3)  . 


In  the  case  of  the  cylindrical  lens  the 
obtained  from  the  modified  Fresnel  integrals: 


in-phase  and  quadrature  amplitude  components  X and  Y are 


X = 


| R2  + 4>0  exp 


Y 


| R2  + exp 


(a) 


(b) 


(2) 


Hence,  the  amplitude  A is  given  by  /X^  + Y"1  . 

The  integration  of  equation  (2)  was  carried  out  by  computer.  To  relate  the  parameters  $,  0 and  R 
to  ionospheric  and  radio  parameters,  we  note  that  : 


R 


(3) 


where  S is  distance  along  the  wavefront,  is  the  distance  from  the  ionosphere  to  the  ground  and  \ is  the  radio 
wavelength.  Thus  in  scaling  from  one  radio  frequency  f to  another  we  have,  since  0 is  in  the  same  units  as  R, 


o*/i 


(4) 


Furthermore,  when  the  refractive  index  U of  the  lens  is  close  to  unity  and  the  effect  of  the  earth's  mag- 
netic field  on  p is  negligible 


1 - U « 1/f2 

.".  $ « 1/f  (5) 

This  latter  assumption  gets  progressively  poorer  as  the  frequency  decreases  but  should  hold  on 
140  MHz  and  360  MHz.  The  distance  S must  be  related  to  the  time  t by  allowing  the  lens  to  move  with  veloc- 
ity u making 


S = ut  cos  0 


(6) 


where  0 is  the  elevation  of  the  ray  at  O. 

Thus  a test  of  the  usefulness  of  the  prerent  models  is  to  scale  a and  41  according  to  equations 
(4)  and  (5)  respectively,  determine  an  appropriate  value  for  u and  see  whether  the  resulting  amplitude  pat- 
terns simulate  those  in  Figure  1. 


The  calculation  involves  some  trial  and  error.  First  of  all,  the  phase  difference  between  rays 
(2)  and  (3)  at  a point  p just  far  enough  away  from  0 (Fig.  2)  to  allow  three  rays  is  found  by  drawing  the 
corresponding  modified  Cornu  spiral  (Fig.  3) . R - 2 is  about  the  right  value  for  a wide  range  of  a and 
4>  . In  Figure  3,  it  is  easy  to  recognize  the  th?ee  geometrical  rays  as  points  of  inflexion  and  measure  the 
pSase  difference  between  rays  (2)  and  (3). 

To  match  the  diffraction  pattern  at  140  MHz,  this  phase  difference  has  to  be  about  6:  this  re- 

quires that  a should  be  of  the  order  0.3. 

The  next  requirement  was  that  the  amplitude  at  0 (Fig.  2)  be  small.  Amplitude  at  0 as  a function 
or  0 ana  9 is  plotted  in  Figure  4 and  it  10  see,,  tuat  ^gaii  u lAs  T~  tie  id  tiie  A. 

of  <t>  are  near  -3  radians  repeating  at  approximately  6 radian  intervals. 

0 

It  is  rather  odd  that  the  amplitude  is  reduced  greatly  only  for  O close  to  0.3  (except  for  much 
larger  lenses) . It  seems  to  be  because  the  waves  which  pass  through  the  centre  of  such  a lens  are  of  the 
same  amplitude  as  the  waves  diffracted  round  its  edges  and  if  the  direct  and  diffracted  waves  are  out  of 
phase  a deep  minimum  occurs. 

The  total  change  in  the  phase  difference  between  ray  (1)  and  either  (2)  or  (3)  as  the  observing 
point  is  moved  from  0 to  large  distance  gives  a rough  idea  of  the  total  number  of  fades. 

Much  larger  lenses  cause  defocussing  and  reduced  amplitude  but  the  phase  change  through  the  centre 
of  larger  lenses  requires  an  unacceptable  amount  of  ionization,  nor  do  the  diffraction  patterns  resemble  the 
observations.  Since  deep  minima  are  required  at  all  three  frequencies,  our  choice  was  therefore  limited. 
Finally,  the  velocity  u is  chosen  to  give  the  best  match  between  the  calculated  and  observed  diffraction 
patterns. 


During  the  observations,  the  receiver  output  is  filtered  by  a CR  filter  (T  = 1 sec.)  to  increase 
the  signal/noise  ratio.  We  have  calculated  diffraction  patterns  with  and  without  similar  filtering.  Our 
filtered  diffraction  patterns  do  not  reproduce  the  higher  frequency  fading  which  is  present. 

The  values  finally  arrived  at  were: 
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The  observed  time  separations  of  the  first  few  peaks  following  the  central  minimum  (obtained  from 
magnetic  tape  recordings  at  1 sec  intervals)  are  matched  to  the  calculated  positions  of  the  peaks.  The  dis- 
tance separations  obtained  from  our  calculations  depend  on  the  distance  d from  lens  to  receiver.  Taking  in- 
to account  the  obliquity  of  the  raypath  (-  45°)  we  have  d - 140  km  and  - 420  km  for  lens  heights  of  100  km 
and  300  km  respectively.  The  corresponding  values  of  u (m  sec  ')  are  given  below: 


f (MHz) 

, -lx 

u (m  sec  ) 

For 

For 

d = 140  km  d » 

420  km 

140 

50 

86 

360 

51 

89 

Thus,  the  values  of  the  velocities  obtained  from  observations  at  the  two  frequencies  are  in  good 

agreement . 


Figures  5(a),  (b)  and  (c)  give  filtered  amplitude  versus  time  patterns  for  cylindrical  lenses  for 
conditions  representing  40  MHz,  140  MHz  and  360  MHz  respectively.  Included  in  Figures  5(b)  and  5(c)  are  the 
1 sec  data  points.  Figures  6(a),  (b)  and  (c)  are  the  corresponding  unfiltered  amplitude  patterns.  The 
effect  of  filtering  is  particularly  noticeable  on  the  higher  radio  frequencies  and  on  the  wings  of  the  pat- 
terns. In  Figure  6 an  average  value  of  u ■ 50  m sec  1 has  been  used. 

One  of  the  remarkable  features  of  the  diffraction  pattern  is  that  the  width  of  the  central  minimum 
is  much  greater  than  the  width  of  the  cylindrical  Gaussian  lens.  The  width  of  the  lens  (corresponding  to  0) 
is  equal  to  97  m (if  the  lens  is  E-region  height)  or  168  m (at  F-region  height),  whereas  the  distance  along 
the  ground  from  the  centre  of  the  diffraction  pattern  to  the  first  maximum  is  1100  m (E-region)  or  1900  m 
(F-region).  Our  model  then  represents  a very  small,  very  intense  lens  in  the  ionosphere.  Figure  5(c)  shows 
that  the  calculated  and  observed  amplitudes  are  in  remarkably  good  agreement  with  details  such  as  the  small 
subsidiary  peak  near  the  middle  of  the  central  minimum  and  the  modulation  envelope  being  reproduced.  The 
agreement  on  140  MHz  (Fig.  5(b))  is  quite  reasonable,  though  the  phase  of  the  modulation  is  not  correct.  The 
agreement  on  40  MHz  is  poor. 


4.  EXTENSION  TO  HIGHER  FREQUENCIES 

With  the  introduction  of  super  high  frequencies  for  satellite-to-ground  communications  it  was  ex- 
pected that  scintillation  effects  caused  by  the  ionosphere  would  be  eliminated.  Such  was  not  to  be  the  case. 
Christiansen  (1971)  observed  scintillations  of  signals  from  the  lunar  ALSEP  transmitter  received  at  Ascension 


Island  on  2278  MHz.  Somewhat  similar  scintillations  on  frequencies  near  4 GHz  and  6 GHz  of  signals  from 
the  geostationary  satellite  INTELSAT  have  been  observed  by  Craft  and  Westerlund  (1972).  It  is,  therefore, 
of  interest  to  extend  the  amplitude  calculations  using  the  above  lens  to  higher  frt  jencies  to  see  whether 
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and  (5)  for  frequencies  of  720  MHz,  1440  MHZ  and  2680  MHz  for  which: 


d, 

4 

$ 


The  amplitude  versus  time  (or  distance)  patterns  are  shown  in  Figures  7(a),  (b)  and  (c) . Here  the  RC  filter- 
ing has  been  eliminated.  On  720  MHz  the  minimum  signal  is  0.27  of  the  undisturbed  value  (1.414)  and  the 
maximum  is  2.0  timer  the  undisturbed  value.  On  1440  MHz  the  minimum  and  maximum  values  are  0.58  and  1.50 
times  the  undisturbed  value.  The  minimum  and  maximum  values  on  2880  MHz  are  0.82  and  1.125  respectively. 

With  parameters  appropriate  to  a frequency  of  6 GHz  the  minimum  and  maximum  values  are  0.94  and  1.03  re- 
spectively of  the  undisturbed  value.  The  patterns  are  still  larger  on  the  ground  than  is  the  size  of  the 
lens,  e.g.  570  m on  720  MHz,  370  m on  1440  MHz  and  367  m on  2880  MHz  for  d = 140  km.  The  corresponding 
values  for  d = 420  km  are  990  m,  640  m and  636  m compared  with  the  lens  radius  of  97  m. 


5.  POSITIVE  LENSES 

In  the  foregoing  models  the  phase  shift  $ has  been  negative  corresponding  to  an  increased  elec- 
tron density  and,  therefore,  a defocussing  lens.  I?  is  quite  possible  that  focussing  lenses,  with  electron 
densities  b:low  the  ambient  values,  can  exist.  Indeed  focussing  of  the  signals  can  be  seen  in  Figure  1 marked 
B,  where  the  peak  amplitude  is  about  2.2  times  the  undisturbed  value  on  40  MHz  and  1.13  times  the  undis- 
turbed value  on  140  MHz.  The  change  in  amplitude  on  360  MHz  while  noticeable  is  not  measurable.  Some  cal- 
culated patterns  for  frequencies  of  40  MHz  and  140  MHz  are  given  in  Figures  8(a)  and  7(b).  Here  again  there 
is  no  RC  filtering.  With  a positive  lens  there  is  a limit  to  the  phase  shift  since  the  elect*..  lensity 
cannot  be  negative:  for  example  for  a background  plasma  frequency  of  8 MHz  the  maximum  value  of  <}>  on 
40  MHz  is  17  radians  and  on  140  MHz  it  is  5 radians. 


6.  DISCUSSION 

The  cylindrical  Gaussian  model  gives  the  required  modulation  of  the  diffraction  pattern  provided 
that  the  maximum  phase  shift  is  sufficiently  large  and  that  the  width  (a)  is  sufficiently  small.  On  the 
assumption  that  the  cross  section  of  the  cylinder  was  circular  and  that  the  refractive  index  is  near  unity 
for  the  140  MHz  signal  and  neglecting  the  background  ionization,  the  maximum  electron  density  in  the  lens 
is  about  2.4  x 101 3 el  m 3 corresponding  to  a plasma  frequency  of  about  43  MHz.  This  being  the  case  the 
core  of  the  lens  would  be  overdense  to  the  40  MHz  signal.  It  is,  therefore,  not  surprising  that  the  fading 
pattern  for  a = 5.15,  (J>o  » -140  radians  does  not  correspond  in  detail  with  the  40  MHz  record  of  Figure  1. 

The  asymmetric  patterns  could  be  produced  by  cylindrical  lenses  with  an  unsymmetrical  crors  section. 
Alternatively,  it  may  be  the  result  of  temporal  changes,  e.g.  the  expansion  of  the  lens.  The  latter  idea, 
together  with  the  intense  plasma  concentration,  suggests  a meteor  trail.  However,  from  data  presented  by 
Sugar  (1964),  we  find  that  the  probability  of  observing  a trail  with  the  required  concentration  is  about  one 
in  107  days.  Furthermore,  with  diffusion  coefficients  of  1 mJ/sec  to  140  mvsec  in  the  height  range  85  to 
115  km  the  ionized  column  could  not  last  for  the  several  minutes  required  to  explain  the  fading  shown  in 
Figure  1.  Hence  a meteor-trail  source  is  unlikely.  Another  possible  cause  is  the  ionized  trail  produced  by 
re-entry  of  a satellite  into  the  earth's  atmosphere. 

From  our  data,  it  is  not  possible  to  determine  the  height  of  the  lens.  We  must,  however,  rule 
out  certain  man-made  objects:  the  low  velocity  rules  out  aircraft,  the  modulation  of  the  fading  and  the 

asymmetry  of  the  patterns  rules  out  balloons.  We  cannot  however  make  a choice  between  E-  and  F-regions 
of  the  ionosphere.  The  lens  is  certainly  elongated:  we  attempted  to  model  a spherical  lens  but  failed  to 

reproduce  the  required  depth  of  modulation.  The  cylinder  need  not  have  circular  cross  section,  but  rather 
could  be  in  the  form  of  a sheet.  On  the  grounds  that  small  intense  blobs  of  ionization  are  required  to  ex- 
plain some  of  the  radio  observations  of  sporadic  E,  we  favour  an  E-region  origin.  The  phase  shifts  required 
may  :u.e  Uu.  a lens  aoove  t-region.  Ine  ray  para  .o  trie  sa.em.e  was  ilO.  vangent  cu  _ae  geomagne  ic  lines 
anywhere  so  that  a weak  perturbation  over  a long  path  through  the  magnetosphere  (Booker,  1975)  is  unlikely 
to  provide  an  explanation. 

Hajkowicz  (1974)  has  pointed  out  the  quasi-periodic  scintillations  may  be  closely  linked  with  an 
iiittifeicTiuix  bffe^t  of  «a..a  »ifliuiuAfteuualy  tiSniinlttfe  1 by  twt  satellites  Atuving  within  idle  oetaiflWiJtn  of  tli  = 
receiving  antenna.  This  could  not  be  the  cause  of  the  scintillations  reported  here  since  these  occur  on  all 
three  carrier  frequencies  and,  as  far  as  we  know,  no  other  satellite  transmits  simultaneously  on  these  pre- 
cise frequencies. 


7.  CONCLUSION 

The  observation  requires  an  ionospheric  lens  approximately  100  m across,  but  elonqatfcd  in  one  di- 
rection to  explain  the  diffracted  pattern.  Such  a lens  can  produce  appreciable  amplitude  fluctuations  on 
frequencies  above  1 GHz.  Lenses  caused  by  a deficiency  of  electrons  also  produce  diffraction  patterns.  Thus 
a single  ionospheric  irregularity  can  produce  several  maxima  and  minima  in  the  amplitude  pattern  observed  on 
the  ground. 
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DISCUSSION 


J.Rdttger,  Max-Planck-Institut  fur  Aeronomie,  D-341 1 Katlenburg-Lindau  3,  F.R.G. 

Is  there  any  idea  on  the  origin  of  these  over  dense  drifting  radio  lenses? 

Author’s  Reply 

We  have  no  explanation  of  the  cause  of  this  irregularity.  Meteor  trails  have  been  ruled  out.  The  Space  Data  Center 
of  NASA/Goddard  have  told  me  that  there  was  no  reentry  of  a space  vehicle  at  this  time  and  place.  It  may  be  of 
interest  to  note  that  ATS-6  observations  at  Lindau,  West  Germany,  showed  a similar  but  less  intense  pattern  on 
May  12,  1976  near  1836  UT  i.e.,  the  phenomenon  occurs  at  other  places  at  other  times. 
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ABSTRACT 

A lltarature  aurvay  ia  attempted  far  lau  ongla  affacta  on  UHF  and  UHF  propagation  due  to  ionaspha- 
re  and  tropaaphera.  Main  amphaaia  ia  given  to  affacta  which  occur  for  satellite  elevation  anqlaa 
of  laaa  than  30°  degrees.  The  moat  important  affact  ia  due  to  acint illation.  In  many  caaea  it  wae 
not  poaaible  to  find  out  the  exact  elevation  angle  under  which  tha  reported  scintillation  occurred. 
Thue  ue  raatrlcted  ouraelvea  to  those  caaee  where  it  waa  unambiguoualy  clear  that  the  observed 
affacta  occurred  below  30°  end  ae  far  aa  poaaible  tu  relevant  already  existing  review  papera. 

Propagation  of  electromagnetic  waves  through  an  inhomogeneous  ionosphere  and  troposphere  usually 
raaulta  in  variations  or  fluctuations  in  the  amplitude,  phase,  and  angle  of  arrival  of  tha  wevaa 
aa  received  et  tht  greund.  These  fluctuations  are  collectively  known  as  scintillations.  It  ia 
quits  clear  that  thaae  acint '.llationa  affect  "Radio  Navigation  and  Poeitioning  Systems". 

In  addition  to  the  general  aspects  of  low  angle  effects  aa  an  example  a specific  affect  that  occurs 
vary  often  is  diacuaaed  in  mere  detail.  It  ia  tha  affect  that  ia  due  to  the  antanna  beamwidth  and 
dua  tc  small  changes  of  tha  medium  within  that  3 dB  cone. 

A.  INTRODUCTION 

The  literature  on  scintillation  ow  very  extensive  and  a complete  review  ia  impossible  in  ths 

space  and  time  available.  (Aarons,  .,  Whitney,  H.E.,  Allan,  R.S.,  1971;  Aarona,  D. , 1973; 

Hartmann,  G.K.,  1975;  Hartmann,  G.K.,  1972;  Uarnik,  U.A.,  Liu,  C.H.,  Youakim,  M.Y.,  Yah,  K.C., 
1973). 

Thus  we  will  only  emphasize  those  affacta  whicii  occurr  for  elevation  angles  leaa  than  30  degrees. 
Propagation  of  electromagnetic  waves  through  an  inhomogeneous  ionosphere  and  troposphere  usually 
results  in  variations  or  fluctuations  in  the  amplitude,  phase,  and  angle  of  arrival  of  the  wavaa 
ea  received  at  the  ground.  These  fluctuations  wera  formerly  collectively  known  as  ecintillationa. 
However,  since  several  years  the  word  scintillation  ia  ueed  in  a closer  sense  to  describe  a phe- 
nomen  whereby  radio  signals  experience  random  fading  in  amplitude  and  phase  after  propagating 
through  e transmission  medium.  Since  all  typsa  of  amplitude  and  phase  fluctuations  can  effect 
"Radio  Navigation  and  Positioning  Systems"  we  will  uaa  the  word  scintillation  in  its  earlier  broa- 
der meaning.  (AGARD,  1970;  AGARD,  1971;  Crane,  R.K.,  1976). 

B.  SCINTILLATIONS 

Scintillation  occurrence  end  ecintilletlon  intensity  depend  upon  frequency,  location,  propagation 
path  geometry,  geophysical  conditions,  receiving  equipment  characteristics,  - such  like  tha  recei- 
ving entenne  beamwidth,  the  receiver  resolution  and  stability,  and  the  deta  acquisition  fecili- 
tiss  -,  end  the  msasure  uesd  to  describe  scintillation.  Thie  causes  many  problems  by  comparing 
date  from  different  sources.  (Fremouw,  E.J. , 1974). 

Since  amplitude  measurements  require  in  general  only  a fairly  simple  and  inexpensive  equipment, 
roughly  65  V nf  the  now  available  scintillation  date  were  obtained  by  amplitude  meaeuremante. 

This  is  the  roeson  that  fairly,  often,  for  the  aske  of  brevity,  the  terminus  technlcus  "scintilla- 
tion" is  exclusively  related  to  measured  amplitude  fluctuations.  Phaee  measurements,  strictly 
speaking  relative  phese  measurements,  require  e more  sophisticated  and  a much  mora  expensive 
egjipment.  Therefore  only  approximately  10  % of  the  available  scintillation  data  wera  obtained 
by  phaee  measurements.  (Hartmann,  G.K.,  1972).  Angle-of -arrival  measurements  require  s still  more 
complicated  equipment,  especially  sn  extremely  eccureta  sntennasyatam.  Therefore  only  about  5 % 
of  the  date  were  obtained  by  engle-of-errlvsl  measurements. 

C.  LOW  ANGLE  EFFECTS 


The  length  of  e satellite  to  ground  radio  link  increases  with  dacreesing  elevation  engla  of  the 
satellite.  Thie  gives  rise  to  various  problems  thet  can  bs  almost  completely  neglected  if  the 
satellite  ie  observable  under  high  elevation  angles.  Besides  grszing  angle  and  diffraction  effects 
in  the  ionosphere  and  troposphere  wa  have  to  consldsr  those  which  ere  due  tr  refraction  and  due 
to  the  antenna  becmwldthe.  These  feirly  "normal"  effecte  will  be  briefly  discussed  using  ths  ob- 
servation of  the  geostationary  US  satellite  ATS-6  es  en  example. 

The  ATS-6  geostationary  eetellite  was  launched  on  30  May  1974  and  wee  positioned  for  sbout  12 
menthe  et  94°  W before  it  was  moved  to  ?S°  E where  ATS-6  wee  positioned  for  another  12  months. 
During  thie  period  the  eetellite  wae  observable  from  Europe.  The  eignele  of  the  ATS-6  Radio 
Beacon  Experiment  (RBE)  where  monitored  from  the  field  site  Gillereheim  (51.65°  N end  10.13°  E, 
about  7 km  tfimtanfc  from  the  mein  institute  et  Llndeu)  of  the  Hex-Planck-Instltut  fOr  Aeronostie, 
Lindeu,  FRG.  ATS-6  was  positioned  at  35°  E,  36  000  km  ebove  the  surface  of  the  Earth.  Its  topo- 
centrlc  coordinates  with  respect  to  the  receiving  site  Llndau  were  ezimuth:  30°  from  south  to- 
wartie  east,  elevation:  26°.  The  line  of  sight  between  ATS-6  end  Glllersheim  intersected  between 
50°  end  40°  geogr.  latitude  the  ionosphere  in  altitudes  between  100  km  and  1000  km  and  had  a 
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relevant  length  of  1600  km.  Thus  the  results  (Degenherdt,  W. , Hartmann,  G.K.,  1976)  - from  an 
ionospheric  and  tropospheric  point  of  view  - were  due  to  medium  latitudes,  due  to  the  fact  thst 
in  our  case  geographic  and  geomagnetic  coordinates  are  nearly  identical.  Ionospheric  and  tropo- 
spheric low  angle  effects  were  reported  (Degenhsrdt,  Id. , Hsrtmann,  G.K.,  1976). 

Figure  1 9hows  the  geometry  using  a Short  Backfire  (SBF)  sntenna  with  a beamwidth  of  - 15°  for  ob- 
serving the  ATS-6  RBE  signals  at  Gillersheim.  The  3 dB  cone  of  the  SBF  antenna  ia  displayed,  de- 
fined by  Li  Pi  Pp.  The  effect  due  to  refraction  in  the  ionosphere  implies  that  no  rays  originating 
rrom  tne  upper  sbaoeo  area  will  De  received  within  the  3 dB  beamwidth  and  that  axl  raya  ori- 

ginating from  the  lower  shaded  area  will  be  received  within  the  3 dB  beamwidth.  Refractions  due 
to  the  troposphere  can  be  treated  similarly.  Figure  2 shows  the  same  geometry  however  with  more 
details  however  disregarding  refraction  effects  i.e.  aaaumlng  straight  line  propagation.  The  sig- 
nal at  the  receiving  antenna  ia  to  a first  approximation  the  vector  sum  of  all  rays  incident  on 
the  plane  - defined  by  Pi  and  Pg  - of  figure  1.  Amplitude  and  phase  of  the  received  signal  remain 

rnnstanf  — RflBHigM  1 ho  t.BnonjHe*  ai\3  ChCZV&twf  1 1 *******  — es  VSS 

medium  within  the  3 dB  cone  remains  constant.  However  this  ia  neither  a true  statement  for  the 
ionosphere  nor  for  the  troposphere.  Even  if  there  are  only  weak  changes  within  the  cone  that  does 
not  significantly  affect  the  amplitude  of  each  single  ray  they  affect  in  any  case  the  phase  of  the 
raya  end  li.ia  t.ray  lead  - due  tu  lire  vectui  oumming  of  the  Taya  at  the  TtcelvVng  ui iter, ho  - tt>  1 air- 
ly strong  amplitude  and  phase  changes  of  the  resulting  signal.  It  ia  obvioua  how  dependent  they 
are  from  the  antenna  beamwidth.  Thus  they  are  different  using  antennas  with  different  beamwidths. 
,,f  "1%  of  ttie  nature  am  with  fT%~t  R31  1 , vt.  ^arunan-'i,  , tCTtV 

Using  a simple  model  the  magnitude  of  the  Just  mentioned  phase  variations  will  be  calculated. 

Fig.  3 9how9  a portion  of  the  volume  within  the  3 dB  cone  of  the  antenna,  displayed  in  fig.  1. 

For  the  aske  of  simplicity  it  is  assumed  to  be  plane.  However,  more  rigorous  calculations  of  cyn- 
utlLdliy  or  uUnludlly  shaped  Intersections  ledb  to  the  SdlflE  feBultS.  The  DSbmetry  bi  fiyuie  j waa 
used  to  derive  the  following  formula  (Degenhardt,  LI.,  Hartmann,  G.K.,  1976). 


Two  rays  traversing  a medium  with  a refractive  index  n arrive  at  A and  C where  they  penetrate  into 
a medium  with  refractive  index  ni  and  0%  having  a thickness  0.  At  0*  and  E they  leave  the  medium 
and  start  again  traversing  a medium  with  a refractive  index  n.  After  having  left  the  medium  with 
the  thickness  0 they  have  a phase  difference  4 0 given  by: 
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sin  p ^ « -2—  ain  oc.  f:  signal  frequency  [Hz] 

1 c:  velocity  of  the  light  [m/aec] 

D:  layer  thickness  [m] 
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□.83  m)  we  get  st  360  MHz  s phase  difference  4 0 for  the  troposphere  thet  is  9 times  larger  that 
st  <*0  MHz  and  2.6  times  larger  than  at  1A0  MHz  for  B given  angle  of  incidence  and  s given  layer 
thickness  0.  Refraction  effects  in  the  ionosphere  ehow  sn  opposite  frequency  behaviour. 

ufl  <w|“1  <f  • signal  f*w*aenoyK 

tie  can  see  that  4 0 for  the  troposphere  la  proportional  to  the  frequency  f and  to  the  layer  thick- 
ness 0 and  furthermore  depends  on  ot  , ft  i and 

Fig.  A shows  |A0i  for  the  troposphere  in  degrees  as  a function  of  the  angle  of  incidence  at  calcu- 
lated for  f • 360  MHz  ( X ■ U.833  m),  a layer-thickness  0 (8000  m),  and 

(x)  n - 1,  n1  - 1.000005,  ng  - 1.000010 
(o)  n ■ 1,  n1  >•  1.000295,  ■ 1.000300 

The  calculation  waa  carried  out  for  tropospheric  conditions  and  for  angles  oC  between  0°  and  80°. 
The  angles  between  80°  and  90°  were  skipped  since  in  this  domain  the  grazing  angle  effects  start 
to  be  much  stronger  than  the  effects  described  by  equation  (1). 

The  more  the  frequency  f increases  and  the  longer  the  path  through  the  troposphere  geta  the  more 
also  the  effects  of  the  water  vapour  in  the  atmosphere  have  to  be  considered  (Hartmann,  G.K. , 
OberlHnder,  H.,  1976).  This  is  especially  true  for  frequencies  higher  than  109  Hz. 

Tig.  3 ahowa  a good  approximation  oT  tha  effect  a?  the  phase  shiTt  4 0 of  the  two  Tsyi  on  the  re- 
sulting normalized  signal  amplitude  Ar  disregarding  reflection  and  absorption  affects.  Ba  F the 
area  of  tha  volume  - layer  with  thlcknaaa  0 - Intersected  from  the  atmosphere  by  the  sntenna  beam, 
than  wa  define  two  areas  FAi  and  FAg  which  represent  the  regions  where  refractive  index  is  ni  and 
n2. 

Ua  get  F ■ FAi  ♦ FAg  end  nl  * ng.  The  resulting  signal  amplitude  Ar  la  now  dependant  from  tha 
phase  shift  A 0 and  the  ratio  of  two  areas  FAi/FAg. 

It  la  quite  obvious  thst  for  FAi/FAg  - 1 - i.e.  the  signal  amplitude  of  the  rsy  passing  through 

the  portion  of  tha  volume  with  refractive  index  ni  la  identical  with  that  passing  through  the  re- 
gion with  n2  - and  for  A0  ■ 180°  the  resulting  signal  amplitude  la  zero.  We  see  that  at  low  ele- 
vation angles  already  weak  refractive  index  variations  csn  cause  fairly  drastic  amplitude  changes 
which  are  due  to  pheae  changes  along  the  rsy  path  of  the  two  raya.  The  calculations  can  easily  be 
carried  out  for  more  then  two  rays,  however  thla  would  not  yield  new  lnformatlone  unleae  wa  know 
more  about  the  layer  thlcknaaa  0 and  the  refractive  index  characteristics  within  the  antenna  beam 
volume. 


C.  2 Results 


1)  Since  many  of  the  data  which  were  recorded  with  signals  from  orbiting  - non  geoatationary  - 
satellites  are  not  directly  given  aa  a function  of  elevation  angle,  it  is  not  posaible  to 
calculate  the  percentage  of  data  that  ia  due  to  elevation  anglea  leaa  than  30°. 

2)  At  137  MHz  scintillation  with  fades  in  excess  of  6 dB  occurs  on  zenith  paths  for  leas  than 

2u  u T l! ib  Hi  i bi  the  ytshxi  , lcao  LI. oh  2 jf  Lite  Lime  in  tr.&  auroral  re- 

gions, and  less  tnan  P.1  % of  the  time  at  middle  latitudes.  (Crane,  R.K.,  1976).  However, 
this  latter  figure  may  increase  by  several  orderB  of  magnitude  if  we  consider  those  mid  lati- 
tude regions  where  often  the  troposphere  exhibits  irregular  structures  and  if  simultaneously 
we  only  consider  elevation  angles  less  than  30  degress.  (Tyagi,  1975). 

3)  The  effect  of  the  three  major  and  different  ionospheric  scintillation  areas  - a)  Equatorial 
regions,  b)  Middle  latitude  regions,  end  c)  High  latitude  regions  - are  getting  leas  prominent 
wltli  limrebai  flaqua.  uy.  (AdTuns,  J.f  Whitney,  ft.c.,  Alle  .,  R.Z.,  V97l,  SolObT.,  T.5.,  1976, 
Hartmann,  G.K.,  1972).  For  elevation  englea  leaa  than  30°  wa  hava  to  consider  additional 
effects  that  are  due  to  irregularitiea  in  tha  troposphere  and  which  increase  with  frequency 
and  decreasing  elevation  angle.  (Badillo,  V.L.,  1970;  Barrett,  L.,  Hartmann,  G.K.,  L,eo,  R.L., 
Ueiss,  li).,  Zwick,  R.,  1975;  Degenhsrdt,  U.  Hartmann,  G.K.,  1976;  Fengler,  C.,  1976).  Especially 
in  many  mid  latitude  regions  these  affects  can  be  much  larger  and  more  frequent  than  the  above 
mentioned  ionospheric  effects.  (Tyagi,  1975). 

A)  Almost  all  now  available  model  calculations,  describing  the  influence  of  the  lower  atmosphere 
on  VHF  and  UHF  waves  are  very  useful  in  cases  of  a "normal,  mean"  behaviour  of  the  atmosphere. 
(Fluess,  H.U.,  Eckl,  til.,  1975;  AGARD,  1968).  However,  they  do  not  take  into  account  scintilla- 
tion effects  caused  by  gradients  and/or  irregularities  in  the  troposphere  which  are  the  actual 
limiting  factors  for  radio  navigation  systems.  (Fengler,  C.,  1976;  Hartmann,  G.K.,  1969). 

5)  The  number  of  scintillation  events  at  mid  latitude  regions  increases  drastically  for  the  whole 
l/HF  and  UHF  frequency  range  if  the  elevation  decreases  below  30°.  No  clear  statements  about 
the  seasonal  and  daytime  behaviour  of  the  scintillation  occurrence  and  the  scintillation 
intensity  far  these  cases  are  possible  till  now. 

6)  The  data  available  thus  far  far  these  law  elevation  angles  seem  to  be  Insufficient  even  for 
more  detailed  morphological  studies  like  those  which  were  carried  out  for  higher  elevation 
Bngle  scintillations  caused  in  the  ionosphere  and  which  yielded  e fairly  good  overall  picture 
of  the  main  irregularity  regions  of  the  ionosphere. 

7)  More  detailed  investigations  of  low  angle  scintillations  require  a better  cooperation  between 
scientists  whose  field  is  ionosphere  physics,  troposphere  physics  and  hydrosphere  physics, 
e.g.  Commissions  F and  G of  URSI. 

8)  Some  general  discussions  on  the  usefulness  of  such  scintillation  data  in  geophysics  rather 
than  for  only  the  moat  important  application  purposes  in  the  design  of  radio  navigations 
systems  are  lacking.  (Mendlllo,  M.,  editor,  1970.  This  should  be  considered  In  the  context 
with  the  Information  analysis  centers  ilACe),  which  start  to  investigate  some  general  oats 
evaluation  problems,  e.g.  CODATA  founded  in  1975  an  Advisory  Panel  on  the  Gsoaciancea  consi- 
sting of  aavan  individuals  from  different  disciplines. 

9)  It  la  evident  that  scintillation  ia  a feet  of  life  for  a number  of  communication  or  radio  navi- 
gation systems  - Ilka  radar  that  have  to  operate  through  the  auroral  or  equatorial  Ionosphe- 
re. Considering  elevation  anglea  of  lees  then  30°  for  tha  incident  rava  we  have  to  extend  this 
statement  also  to  all  those  mid  latitude  regions  were  often  the  troposphere  exhlbite  Irregular 
structures.  Space  diversity  or  time  diversity  coding  schemes  are  raqulrad  to  mitigate  the 
affects  of  scintillation.  Using  the  weak  scintillation  model,  the  parameters  for  the  design  of 
diversity  systems  can  be  determined  if  tha  height,  exlal  ratio,  and,  for  time  diversity  ach»- 
mea,  tha  drift  velocity  are  known.  Adequate  statistical  data  are  only  available  for  scintilla- 
tion intensity.  Adequate  statistics!  oats  for  the  assign  of  Diversity  systems  are  still 
lacking  and  await  either  further  experimentation  or  better  models  for  the  production  and  move- 
ment of  the  irregularitiea.  Thus  it  seems  to  be  difficult  In  the  moment  to  move  much  beyond 
■not# ologltel  studies,  wHefr  ere  Jwrt  w*  fleet  step  tne  tsutee  of  mbte  rigorous  eltumple 

to  Interpret  the  gaophyeical  phenomena  end  to  obtain  more  reliable  models  for  the  prediction 
of  scintillation  affects  especially  for  elevetlon  angles  leaa  than  30°.  For  better  geophyelcel 
interpretations  also  e higher  number  of  standardized  transmitting  and  receiving  ayateme  and 
evaluation  methods  ia  required. 
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DISCUSSION 


J.S.Belrose 

With  regard  to  the  deep  minimum  at  45°  elevation  angle  in  your  calculated  phase  data.  Is  this  a Brewster  angle 
effect  for  an  assumed  vertically  polarized  down  coming  wave? 

Author’s  Reply 

We  only  applied  Snell’s  law  which  is  valid  for  both  polarizations.  Thus,  we  do  not  have  to  worn'  about  Brewster 
angle  phenomena  which  has  to  be  considered  only  in  cases  of  reflection. 


H.Soicher,  US  Army  Electronics  Command,  Fort  Monmouth,  NJ  07703,  USA 

Are  you  aware  of  time  or  space  diversity  schemes  that  have  been  used  to  offset  the  effects  of  scintillations? 

Author’s  Reply 

We  know  of  some  schemes.  I doubt  whether  simple  and  inexpensive  schemes  can  be  developed  for  low  elevation, 
or  for  strong  polar  and  equatorial  scintillations. 


J..\arons,  Air  Force  Geophysics  Lab.,  Bedford,  Mass.,  USA 

CRC  studies  are  in  progress  at  1°  of  elevation  on  the  AN1K  satellite  (4  and  6 GHz)  on  space  diversity  gains. 

Author’s  Reply 

Studies  of  this  nature  should  be  supported  as  much  as  possible. 


J.M. Goodman,  Space  Systems  Division,  Naval  Research  Laboratory,  Washington  D.C.,  USA 

Your  paper  indicates  that  tropospheric  scintillation  is  an  important  factor  below  30°  elevation  and  can  also  be 
important  at  UHF  and  above.  Low  elevation  studies  at  NRL  using  microwave  frequencies  show  periodicities  in 
angle-of-arrival  (in  the  vertical)  which  are  attributed  to  buoyancy  oscillations  in  the  atmospheric  boundary  layer. 
Your  study  makes  me  more  confident  in  the  NRL  microwave  studies  results,  and  you  are  certainly  correct  in 
pointing  out  this  very  important  potential  limitation  to  which  too  little  attention  has  been  given. 

Author’s  Reply 

It  is  good  to  get  additional  support  for  an  idea  of  tropospheric  low  angle  effects  which  was,  till  now,  subject  of 
strong  controversies. 
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A REVIEW  OF  LF/VLF  RADIO  NAVIGATION  SYSTEMS  AND  SOjE 
RELATH)  PROPAGATION  INFLUENCES 


Dr.  B.  Burgess 
Royal  Aircraft  Establishment 
FARNBOKOUGH,  Hants 
UK 


SUMMARY 


A review  is  given  of  the  important  radio  navigational  aids  that  have  Leen  developed  in  the  LP/VLF 
hands  since  the  1940s-  Attention  is  paid  to  the  operational  requirement  that  could  he  met  by  this  type 
cf  aid  and  the  effects  that  the  propagation  characteristics  of  the  radio  waves  at  these  frequencies  have 
on  the  performance  of  the  aids.  This  paper  is  not  intended  to  he  a comprehensive  review  hut  mainly  to 
set  the  scene  to  specialist  papers  in  the  sessions  on  "LF/VLF  systems". 

1 . INTRODUCTION 

The  LF/VLF  radio  navigational  aids  that  are  currently  in  vise  or  will  he  in  operation  in  the  near 
future  are  situated  either  in  the  10-14  kHz  VLF  hand  or  between  the  low  frequencies  (LF)  70  and  130  kHz. 

The  LF  band  came  into  use  for  radio  navigation  just  after  the  end  of  World  War  II  with  the  introduction 
of  the  British  Decca  system.  The  US  Loran  system,  developed  during  World  War  II,  and  operating  at  a 
frequency  of  about  2 MHz,  was  in  the  1950s  developed  for  use  at  LF  and  eventually  came  into  being  in  the 
late  1950®  as  a pulsed  system  operating  at  100  kHz  and  using  a bandwidth  of  +10  kHz.  The  HF  version  of 
Loran  has  become  known  as  Loran-A  while  that  operating  at  100  kHz  is  known  as  Loran-C. 

In  the  late  1940s  and  the  19508  a number  of  other  radio  navigational  aids  were  conceived  and 
various  tests  undertaken.  Among  systems  proposed  during  these  times  were  the  British  Delrac  and  Dectra 
systems,  operating  in  the  LF  and  VLF  bands  respectively.  Flight  tests  of  the  Dectra  system  were  performed 
in  the  1960s.  The  1960s  saw  the  steady  development  of  the  Omega  system  and  the  expansion  of  Decca  and 
Loran-C  on  a world  wide  basis.  Omega  uses  frequencies  in  the  internationally  assigned  frequency  band  of 
10— 14  kHz  set  apart  for  navigational  use,  but  proposals  and  indeed  systems  have  been  made  utilising 
transmissions  from  VLF  communications  and  frequency  standard  transmitters  in  the  band  14-3°  kHz.  Note 
should  also  be  made  that  the  USSR  are  developing  a VLF  navigation  system  on  a similar  basis  to  Omega  and 
also  operate  two  Loran-C  chains  that  are  compatible  with  the  US  system  (Ref  1).  A variant  of  Loran-C 
for  tactical  military  use  was  also  developed  at  this  time  and  is  known  as  Loran-D  (Ref  2). 

Nearly  all  the  above  mentioned  systems  operate  as  hyperbolic  navigational  aids,  a term  used  to 
represent  the  geometry  made  by  the  measurement  of  phase  or  time  difference  of  the  received  signals. 

Omega  and  Decca  are  examples  of  phase  comparison  systems  while  Loran  measures  the  difference  in  time  of 
arrival  of  radiated  pulses  of  energy.  In  this  paper  I would  like  to  review  the  principle  features  of 
these  systems  and  the  role  that  radio  wave  propagation  plays  in  determining  the  accuracy  and  reliability 
of  these  systems. 

Before  doing  this,  however,  attention  will  be  paid  to  the  requirements  of  users  of  these  types 
of  systems  to  give  a perspective  on  the  role  of  LF/VLF  radio  navigation  systems. 

2.  OPERATIONAL  REQUIREMENTS 

LF/VLF  radio  navigational  aids,  because  of  their  ability  to  be  used  at  distances  greater  than  line 
of  sight,  have  applications  ranging  from  use  on  a world  wide  basis  to  that  in  harbour  entrance  zones; 
large  high  speed  aircraft  to  Bmall  fishing  ships  with  a spectrum  of  accuracy  and  environmental  requirement. 

For  maritime  users  one  can  differentiate  between  three  categories  of  requirements:  ooeanic, 

coastal/confluence  zones  and  harbour  areas.  For  oceanio  or  high  Seas  operation  it  is  currently  estimated 
(Ref  3)  that  position  accuracy  is  in  the  range  2-5  nm  and  that  improved  aoouracy  to  1-2  nm  would  be 
desirable  though  not  essential.  For  coastal/confluenoe  zones  which  cover  areas  where  the  distance  from 
the  coast  is  up  to  50  nm  or  t 0 the  e<_ge  of  continental  shelf  a general  guide  to  the  requirement  is  a 
repeatable  rms  accuracy  of  0.25  nm,  though  in  certain  areas  a more  stringent  requirement  will  exist. 

Harbour  and  harbour  entrance  areas  requires  the  highest  degree  of  accuracy  to  avoid  collisions  and 
stranding.  Accuracies  in  this  case  are  now  possibly  limited  by  the  size  of  the  vessels. 

Turning  to  aviation  users  (Ref  4)  one  nay  similarly  define  requirements  aocording  to  categories: 
oceanic  and  area  navigation  (RNAV),  This  latter  category  can  be  subdivided  into  en  route,  terminal  and 
approach.  Taking  as  our  example  of  oceanic  routes  the  North  Atlantic  area,  current  lateral  separation  of 
aircraft  flying  in  the  same  direction  and  at  the  same  height  is  nominally  120  n miles,  whioh  is  reflected 
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in  a 10  na  rms  accuracy  in  position  determination  for  the  aircraft  navigation  system.  Studies  of  future 
traffic  in  this  area  points  to  a need  for  an  increased  navigation  accuracy  and  a reasonable  goal  for 
future  requirements  is  an  accuracy  of  the  order  1-2  nm  (iff). 

Norwood  (Ref  4)  in  his  paper  on  the  development  of  air  navigation  system  requirements  gives  the 
following  as  the  rms  crosstrack  errors  in  nm  (metres)  applicable  to  RNAV  systems. 


Present 

Future 

En  route 
Terminal 
Approach 

1.5  (3000) 
1.0  ( 2000) 
0.5  (1000) 

0.25  (500) 
0.10  (200) 
0.05  (100) 

Other  papers  (Refs  5,  6)  give  somewhat  different  figures,  especially  for  the  future  requirements, 
but  the  above  accuracy  figures  for  present  requirements  are  typical,  with  improvements  for  future 
requirements  varying  by  a factor  of  2 or  more. 

Summarizing  it  is  evident  that  there  are  varying  requirements  in  accuracies  of  the  position  of 
airborne  and  marine  vehicles  that  are  used  on  long  or  relatively  long  distance  journeys.  These  range  from 
some  10  nm  for  long  range  commercial  aircraft  down  to  something  of  the  order  of  100  metres  or  less  for 
harbour  or  airport  approaches,  or  fishing  vessels.  In  stating  these  performance  figures,  this  usually 
applies  to  the  system  as  a whole,  so  that  the  errors  that  can  be  allowed  for  propagation  variations  must 
be  somewhat  less  than  these  overall  figures. 

3.  LF/VLF  SYSTEMS 

3.1  Decca  (70-130  kHz) 

Decca  is  an  LP  continuous  wave  hyperbolic  system  which  is  in  current  commercial  use  and  over  the 
past  30  years  some  50  Decca  chains  have  been  installed  throughout  the  world.  Decca  is  basically  a high 
accuracy,  short  to  medium  range  aid  intended  for  coastal  and  land  navigation.  A Decca  chain  consists  of  a 
master  station  and  two  or  three  slave  stations,  situated  about  100  to  200  km  from  the  master  station.  The 
master  and  slave  stations  radiate  on  different  frequencies,  normally  near  to  70,  85,  113  and  126  kHz,  but 
having  a fixed  relationship  to  one  another;  the  phase  of  the  signal  radiated  by  the  slave  stations  being 
referenced  to  that  received  from  the  master  station.  A receiver  converts  the  different  received  frequencies 
to  a common  frequency  for  phase  comparison  and  a lattice  of  hyperbolae  are  formed  with  the  master  and  each 
slave  as  focii  in  turn. 

The  Decca  system  accuracy  predictions  are  based  on  some  30  years  data  gathering  from  operational 
systems.  Daytime  accuracies  are  limited  by  signal  to  noise  considerations,  the  signal  being  essentially 
ground  wave  only.  At  night  time,  with  the  disappearance  of  the  D region,  the  skywave  signal  becomes 
marked  and  performance  consequently  degrades  since  the  phase  comparison  system  cannot  differentiate  sky- 
wave  from  ground  wave.  Accuracies  better  than  0.05  nm  (rms)  out  to  ranges  of  100  to  150  nm  are  achieved 
during  daytime,  the  accuracy  degrading  with  distance  from  the  transmitting  stations.  At  night-time  this 
degrades  by  about  a factor  of  5 (Ref  7). 

Ambiguity  resolution  is  achieved  by  momentarily  interrupting  the  regular  chain  transmissions,  so 
that  combinations  of  frequencies  can  be  radiated  from  a given  transmitter.  This  then  enables  a coarse 
hyperbolic  pattern  to  be  set  up  to  identify  the  correct  lane. 

Prom  a propagation  point  of  view  it  is  worth  noting  that  one  is  comparing  the  propagation  delay  on 
different  frequencies  over  differing  paths. 

3.2  Dectra 

Dectra  is  an  area  coverage  navigation  and  operating  on  the  70  kHz  frequencies  associated  with 
Decca.  Its  aim  is  to  permit  close  lateral  track  separations  to  be  flown  on  transoceanic  routes  such  as 
those  across  the  North  Atlantic.  In  the  system  that  has  been  tested  a pair  of  master-slave  stations  was 
located  in  Newfoundland  and  another  pair  in  UK.  In  contrast  to  the  Decca  system  both  the  master  and  slave 
radiate  the  same  frequency  thus  minimising  the  dispersion  characteristics  of  the  propagation  which  in 
this  system  is  mainly  by  skywave.  These  transmissions  give  a tracking  pattern.  The  master  station  at 
the  other  end  of  the  oceanic  route  radiates  a frequency  close  to  that  of  the  other  pair,  and  this 
difference  frequency  generates  a hyperbolic  ranging  pattern  with  focii  at  either  end  of  the  oceanic  chain. 

Good  accuracy  has  been  claimed  for  this  system  from  both  airborne  and  maritime  trials  that  have  taken 
place  in  the  1960s,  typical  values  being  2.5  to  5 nm  (iff)  over  a large  area  of  the  North  Atlantic.  (Ref  8) 

3«3  Loran-C 

Loran-C  is  a high  accuracy,  long  range  pulsed  ground  wave  radio  navigation  system  with  an  operating 
frequency  of  100  kHz.  It  has  been  developed  from  Loran-A  and  has  been  in  operation  for  some  20  years. 

While  being  a hyperbolic  system  like  Decca  and  als’  employing  master  and  slave  stations  which  radiate 
a signal  synchronised  to  the  master  transmission,  :♦  differs  fundamentally  in  employing  only  one  carrier 
frequency  and  relies  on  differential  time  delay  as  opposed  to  phase  measurements  to  give  the  hyperbolic 
lines  of  position.  Its  great  virtue  is  that  due  to  the  different  propagation  delay  cf  skywave  and  ground- 
wave,  the  Loran-C  system  is  able  to  obtain  navigation  information  from  only  the  groundwave  component  of 
the  transmitted  signal  which  (l)  propagates  to  ranges  in  excess  of  1000  nm  and  (2)  hae  highly  stable 
propagation  characteristics. 


At  present  there  are  nine  chains  in  operation,  which  cover  a substantial  part  of  the  Northern 
hemisphere.  Typical  accuracy  figures  (Ref  6)  are  50  m (rms)  at  200  nm,  increasing  in  a linear  fashion 
to  some  200  m at  1000  nm  ranges. 

3.4  LoranrD 

Loran-E  is  a development  of  Loran-C  for  tactical  military  use  (Ref  2).  It  is  compatible  with 
Loran-C  and  is  no  different  in  basic  principle.  In  achieving  tactical  mobility,  the  radiated  power 
from  Loran-D  is  significantly  less;  however  due  to  the  propagation  properties  of  LF  groundwave  a 500  nm 
Loran  system  only  needs  one  hundredth  of  the  radiated  power  of  a 1000  nm  system.  Another  advantage  accrues 
in  virtue  of  the  greater  difference  in  time  delay  between  the  ground  and  skywave.  This  allows  the 
sampling  of  the  groundwave  at  a later  time  in  the  received  pulse  a.-t  hence  at  a hitler  signal  level.  Other- 
wise from  a propagation  viewpoint  there  is  no  difference  between  the  two  systems  Loran-C  and  D. 

Loran-D  has  basically  achieved  the  objectives  of  the  Cytac  System,  the  predecessor  of  Loran-0. 

3.5  Omega 

Omega  is  a world-wide  radio  navigational  aid  (Ref  9),  using  frequencies  in  the  10-14  kHz  band, 
which  should  be  fully  operational  in  the  late  1970s.  A pair  of  transmitting  stations  provides  the 
navigator  with  a family  of  hyperbolic  lines-of-position  (lop),  and  eight  transmitting  stations  with 
5000-6000  nm  baselines  will  give  a global  coverage.  The  eight  transmitters  radiate  the  various 
frequencies  in  a time  division  multiplex  format.  All  transmitters  will  be  phase  synchronised  and  repeat 
their  individual  radiated  format  every  10  seconds. 

The  10.2,  11^  and  13.6  kHz  transmissions  are  the  basic  navigation  frequencies;  other  radiated 
frequencies,  unique  to  each  transmitter,  may  be  used  for  navigation  by  distance  measurement  based  on  a 
cycle  counting  technique. 

The  10.2  kHz  transmissions  generate  lops  which  have  ambiguities  spaced  by  15  km  on  the  baseline 
joining  two  transmitters;  for  marine  use,  where  the  vessel  is  slow  moving,  the  resolution  of  these  15  km 
ambiguities  can  be  achieved  by  dead,  reckoning  means.  However  if  necessary,  the  13*6  kHz  transmissions 
could  be  utilised  in  conjunction  with  the  10.2  kHz  transmissions  to  give  ambiguous  lops  separated  by 
some  45  km  on  the  baseline.  Similarly  the  10.2  kHz  and  11$-  kHz  transmissions  can  give  ambiguous  lopB 
separated  by  135km. 

The  exact  position  of  these  lops  on  a chart,  relative  to  known  geographic  coordinates  are  governed 
by  the  value  of  the  propagation  velocity,  v,  that  is  used  for  the  appropriate  frequency.  For  10.2  kHz, 
the  standard  value  used  is  given  by  c/v  = 0.9974  where  e is  the  velocity  of  propagation  in  free  space 
(299792.5  hi/b).  This  velocity  of  propagation  is  a function  of  many  geophysical  parameters  such  as 
ground  conductivity,  direction  of  propagation,  effective  height  of  ionospheric  reflection,  which  cause 
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minimise  these  variations  and  these  effects  are  discussed  in  a paper  by  Swanson  at  this  Conference  (Ref  10)  . 

In  assessing  the  accuracy  that  is  possible  using  Omega,  attention  must  be  paid  to  the  way  it  is 
used.  Three  ways  in  which  Omega  may  be  used  are  (l)  using  only  a single  frequency,  (2)  using  a difference 
frequency,  and  (3)  using  it  in  the  differential  mode. 

In  using  a single  frequency  an  accuracy  in  the  range  0.5  to  2.0  nm  may  be  achieved.  This  is  probably 
the  simplest  use  of  the  system  but  suffers  from  the  possibility  of  lane  ambiguity  and  the  necessity  to 
use  'skywave  corrections'  (SWC).  When  use  is  made  of  the  difference  frequency  techniques,  lane 
identification  problem  are  eased,  and  SWCs  are  not  so  necessary  if  one  can  accept  the  degraded  accuracy 
which  will  be  in  the  range  1-5  nm.  The  third  techniuqe  called  'Differential  Omega'  will  give  a much 
improved  accuracy  in  the  range  0.25-^*5  nm,  but  needs  the  creation  of  a system  of  monitor  stations. 

These  monitor  stations  situated  within  say  100-200  mileB  of  the  user  can  be  used  to  correct  the  Omega 
measurements  at  the  user,  since  phase  variations  due  to  propagation  are  highly  correlated  over  these 
. KT  T.r  . • • 1 , 

4.  PROPAGATION  CHARACTERISTICS  OF  LF/VLF 

4.1  Introduction 

A considerable  literature  has  been  published  dealing  with  both  the  theoretical  and  experimental 
aspects  of  VLF  and  LF  propagation,  especially  over  the  pa3t  twenty  five  years.  In  discuEBing  propagation 
at  these  frequencies  it  is  desirable  at  the  VLF  end  of  the  frequency  scale  to  talk  in  terms  of  waveguide 
modes,  whiie  at  the  Li  end  ol  tne  spectrum  to  consider  propagation  as  the  summation  61  a series  ol  wave- 
hops.  These  terms  have  arisen  from  a theoretical  approach  to  the  subject,  but  we  muBt  note  that  Johler 
(Ref  12)  has  developed  a theory  which  covers  the  frequency  range  from  VLF  to  LF  which  considers 
propagation  in  terms  of  spherical  wave  functions.  This  approach  has  the  virtue  that  with  the  use  of  high 
speed  computers,  it  is  a more  viable  approach,  economically,  to  producing  propagation  data,  theoretically, 
at  these  frequencies. 

4.2  LF  Propagation 

In  the  wavehop  theory,  (Ref  1 3)  the  full  wave  solution  for  propagation  between  a spherical  earth  and 
a cougeruMo  ionosphere  can  be  expanded  into  a seiiea  oi  complex  integrals.  ll  tne  Be  integrals  are 
replace!  by  their  saddle-point  approximations  the  series  can  be  identified  as  the  ray  hop  series  of 
geometri  optics,  and  thus  theBe  integrals  are  called  wave-hops.  The  saddle  point  approximation  is 
q*aU  war  aft!  hj  if  l'<  •am .tie  ana  tM  true  »•*  V*  wsluelec  bg  muwl 

integration  or  by  summing  a residue  series.  Berry  and  Chisman  (Ref  13)  represent  the  series  in  the  form; 
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where  Eo  is  the  groundwave  and  Rj  is  the  ionospheric  reflection  coefficient!  computed  for  any  model  of 
the  ionosphere  that  is  desired.  The  path  integral  I j takes  into  account  ground  conductivity!  path  length, 
reflection  height  and  earth  curvature. 

An  indication  of  the  propagation  characteristics  of  LF  signals  can  be  obtained  from  this  theory 
if  one  computes  the  signal  level  as  a function  of  distance,  up  to  say  2000  km,  for  both  day  and  night 
conditions.  Under  daytime  conditions  the  propagation  is  very  stable,  with  a stable  interference  pattern. 

At  the  lower  frequencies,  the  skywave  becomes  important  at  distances  of  the  order  of  500  km,  but  even  so 
the  skywave  shows  good  stability  in  both  phase  and  amplitude.  This  has  been  bourne  out  by  experimental 
results  cn  frequencies  in  the  range  45  to  80  kHz  (Ref  14). 

Under  night  time  conditions,  the  skywave  component  is  much  stronger,  due  to  the  disappearance  of 
the  ionospheric  D region,  and  strong  interference  between  ground  and  skywave  occurs  at  ranges  starting 
from  around  200  km  from  the  transmitter.  Under  these  conditions  the  most  severe  interference  takes  place 
in  the  range  200  to  1000  km  where  signal  strength  patterns  can  show  fades  of  up  to  40  dB.  Beyond  a 1000  km 
range,  the  propagation  tends  to  stabilise.  Again  these  results  are  confirmed  by  experimental  values, 

(Ref  14)  but  at  LF  frequencies  there  is  a lack  of  experimental  data,  compared  with  VLF,  to  substantiate 
theory. 

4.3  VLF  Propagation 

At  VLF  frequencies  for  long  range  propagation  the  earth  behaves  like  a good  electrical  conductor 
with  a reflection  coefficient  approaching  +1  while  the  ionosphere  has  a reflection  coefficient  approach- 
ing -1 . It  is  convenient  thus  to  treat  the  earxh  and  the  ionosphere  as  the  two  boundaries  of  a spherical 
waveguide  and  to  consider  propagation  to  great  distances  in  terms  of  waveguide  modes  (Ref  15,16).  For 
each  mode  there  are  three  parameters  which  govern  the  characteristics  of  the  mode,  ie  the  attenuation 
rate,  « dB/ton,  the  phase  velocity  of  the  mode,  usually  quoted  relative  to  the  velocity  of  light,  v/c,  and 
the  excitation  factor  A which  is  approximately  the  ratio  of  the  power  launched  into  the  earth  ionosphere 
waveguide  to  that  launched  into  a flat  waveguide  with  perfectly  conducting  boundaries. 

From  the  experimental  and  theoretical  considerations  of  VLF  propagation  the  lower  frequency  band 
of  1 0—1 4 kHz  has  definite  advantages  over  the  higher  frequencies  for  navigational  purposes.  The  main 
advantage  is  that  due  to  the  frequency  dependence  of  the  attenuation  and  excitation  factors  of  the 
modes,  the  second  mode  perturbing  effects  are  much  smaller  in  this  lower  frequency  band. 

At  frequencies  below  10  kHz  the  attenuation  rates  increase  rapidly  to  high  values.  This  coupled  with 
the  economics  of  designing  efficient  ground  transmitting  aerials  at  this  end  of  the  band  effectively  puts 
a lower  limit  of  about  8 kHz  to  the  optimum  band  for  navigation  use. 

These  considerations  together  with  the  maxim  of  using  as  low  a frequency  as  possible  for  lane 
resolution  has  led  to  the  OMEGA  World-Wide  Navigational  System  choosing  its  lowest  frequency  of 
transmission  as  10.2  kHz. 

Propagation  effects  as  they  affect  the  Omega  system  will  be  discussed  in  detail  by  Swanson 
(Ref  10),  but  since  the  higher  VLF  frequencies  of  14-30  kHz  have  been  proposed  for  navigational  uses, 
it  is  relevant  to  note  briefly  some  differences  in  propagation  characteristics  between  these  frequencies. 

Of  particular  importance  for  navigational  purposes  is  the  overall  stability  of  propagation.  This 
stability  is  dsmonstrated  by  the  consistent  diurnal  pattern  of  the  phase  delay  of  VLF  transmission 
observed  at  a distant  point.  At  10.2  kHz,  the  daytime,  night-time  and  transitional  dawn/dusk  periods 
give  a vairation  in  stability  of  about  2 to  1 , with  no  evidence  of  cycle  slipping.  However  at  frequencies 
somewhat  above  16  kHz,  at  long  ranges,  the  transitional  dawn/dusk  period  is  noted  for  the  phenomena  of 
cycle  slippage,  due  to  the  low  attenuation  of  higher  order  mode  propagation  under  night  conditions 
(Ref  14). 

This  strong  miltimode  nature  of  propagation  at  the  higher  frequencies  will  also  mean  that  lane 
resolution  techniques  will  be  mors  unreliable  than  at  the  Omega  frequencies  at  night,  and  also  that  non- 
reciprocal propagation  effects  and  anomalies  in  position  fixing  due  to  the  proximity  of  transmitters  will 
be  enhanced.  Thus  particular  care  will  have  to  be  used  in  choosing  the  appropriate  transmissions  at 
these  highsr  frequencies. 

5.  CONCLUDING  REMARKS 

The  paper  has  attsmpted  to  give  an  overview  of  LF  and  VLF  radio  navigational  systems  as  they  have 
4-veljpcd  biiice  the  jn4  of  ttuild  Ha.  lit  Indication.,  nave  been  giveh  of  the  Uoouiacj  that  can  ue  obt. lined 
from  these  aids  together  with  the  underlying  principles  of  operation  of  the  systems.  Attention  has  also 
been  drawn  to  the  requirements  of  navigators  who  look  to  this  type  of  ravigstional  aid  to  satisfy  their 
■MSedo*  Lf.  tc  seel,  v**oA  V a £ go  egl^rc  ‘ ih-  nAc  c*Te  1 4-xittsxi.y  a \Adei  vrt.1  truboi  01.  i-c 

of  ths  propagation  characteristics  that  govern  LF  and  VLF  transmissions  and  their  relevance  to  the 
performance  of  the  navigation  systems. 


REFERENCES 


1 BECKERS,  J#  M»,  1 974*  "A  Review  and  Applications  of  VLF  and  LP  Transmissions  for  Navigation  and 
Track. ' ng" , J.  Inst.  Nav,  Vol.  21  No.  2 p.  117-133,  (Summer). 

2 PRANK,  R.  L. , 1974,  "Current  Developments  in  Loran-D",  J.  Inat.  Nav,  Vol.  21,  No.  3,  p.  234-241, 
(Pall). 

3 HAISLIP,  D.  T. , GOLDSMITH,  A.,  1974,  "Mseting  the  Maritime  Requirements  in  United  States  Waters", 

J.  Inst.  Nav,  Vol.  21,  No.  2,  pp.  159-164,  (Summer). 

4 NORWOOD,  A.,  1975,  "Development  of  Navigation  Systems  for  Advanced  Commercial  Transports",  J.  Inst. 
Nav,  Vol.  22,  No.  1,  pp  68-75,  (Spring). 

5 TILER,  J.  S.,  BRAND EWIE,  D.  M.,  HEINE,  W.,  ADAMS,  R.,  1975,  "Area  Navigation  Systems:  Present 

Performance  and  Future  Requirements",  J.  Inst.  Nav,  Vol.  22,  pp.  95-1H,  (Summer). 

6 HOLLISTER,  W.  M. , DODGE,  S.  M.,  1975,  "An  Evaluation  of  Differential  Omega  for  General  Aviation 
Area  Navigation",  J.  Inst.  Nav,  Vol.  22,  No.  3,  pp.  259-273,  (Pall). 

7 BLOOD,  E.  B.,  1973,  "Navigation  aid  Requirement  for  the  US  Coastal/Confluenoe  Region",  J.  Inst. 

Nav,  Vol.  20,  No.  1,  pp  68-76,  (Spring). 

8 The  Decca  Navigator  Company,  "Dectra  2". 

9 PIERCE,  J.  A.,  1975,  "Omega",  IEEE  Trans,  on  Aerospace  and  Electronic  Systems,  AES-1 , pp.  206-15. 

10  SWANSON,  E.  R.,  1976,  "Propagation  Effects  on  Omega",  Agard  Conference:  "Propagation  Limitations  of 
Navigation  and  Positioning  Systems"  Inctanbul,  (October). 

11  KASPER,  J.  F.,  CREEKMDRE,  E.  E. , "Omega  Utilization  by  Non-Military  Subscribers",  J.  Inst.  Nav, 

Vol.  19,  No.  3,  pp  215-225,  Pall  1972. 

12  JOHLER,  J.  R.,  1970,  "Spherical  wave  Theory  for  MF,  LP  and  VLF  Propagation",  Radio  Science,  Vol. 

5,  No.  12,  pp.  1429-1444. 

13  BERRY,  L.  A.,  CHRIS  MAN,  H.  E.,  1965,  "The  Path  Integrals  of  LP/VLP  Wave-Hop  Theory",  Radio  Science, 
Vol.  69D,  No.  11,  pp.  1469-80. 

14  BURGESS,  B.,  JONES,  T.  B.,  1975,  "The  Propagation  of  LP  and  VLF  Radio  WaveB  with  Reference  to  Some 
System  Applications",  The  Radio  and  Electronic  Engineer,  Vol.  45,  Bo.  1/2,  pp.  47-61. 

15  BUDDEN,  K.  G.,  I96I,  "The  Waveguide  Ifode  Theory  of  Wave  Propagation",  Logos  Press,  London. 

16  WAIT,  J.  R.,  "Electromagnetic  Waver  in  Stratified  Media",  McMillan,  New  York,  1962. 


DISCUSSION 


A. Biggs 

Katsafrakis  at  SRI  made  phase  measurements  over  the  Antarctic  ice  pack  - and  Guy  etc  made  phase  measure- 
ments over  Greenland  - and  we  made  them  over  the  floating  Arctic  ice  pack.  How  do  you  reconcile  the  phase 
change  over  Greenland?  With  respect  to  the  floating  ice  pack,  do  you  expect  any  observable  changes  in  propaga- 
tion parameters  with  the  thin  (5-10  meters)  Arctic  ice  pack? 

Author’s  Reply 

There  is  definitely  a change  in  the  phase  velocity  of  propagation  of  VLF  radio  waves  as  the  waves  cross  from  a 
sea  or  land  mass  to  an  ice-cap  area.  This  has  been  predicted  by  theory  and  confirmed  by  experimental  measure- 
ments. In  order  for  this  change  in  phase  velocity  to  be  of  a significant  magnitude,  the  depth  of  the  ice  must  be 
comparable  to  the  skin  depth,  at  these  frequencies,  of  ice.  Under  these  considerations,  the  ice  cap  of  Greenland, 
which  is  some  3000  meters  thick,  greatly  affects  VLF  propagation,  while  the  Arctic  ice  pack  has  little  effect. 
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Effects  of  Irregular  Media  on  Navigation 
and  Positioning  Systems — Full  Wave  Solutions* 

E.  Bahar 

Electrical  Engineering  Department,  University  of  Nebraska 
Lincoln,  Nebraska  68588 

ABSTRACT 

The  steady  state  magnitude  and  phase  of  radio  waves  are  affected  by  the  medium  through  which  they 
propagate.  Since  these  effects  are  frequency  dependent,  pulsed  signals  will  undergo  distortions  and 
delays  that  depend  on  the  medium  of  propagation.  Thus  when  CW  radio  signals  are  used  for  navigation 
(Omega  System),  It  Is  necessary  to  determine  the  deviations  In  the  phase  of  received  signals  (phase 
anomalies)  due  to  medium  effects.  Similarly,  when  pulsed  signals  are  used  for  navigation  (Loran  C 
system),  It  Is  necessary  to  determine  the  signal  delays  due  to  medium  effects. 

j wav*  ;4*^n^at<nr.  nwpr  aav«i-a1  r.uM.a  -f  o . Uv*,"  ic  'alai 4 1 llfc®  -.has* 

anomalies,  the  delays  and  the  distortions  for  pulsed  radio  signals  transmitted  across  hills  or  valleys 
on  the  earth's  surface  are  determined  using  a full  wave  approach. 

1.  INTRODUCTION 

When  the  medium  of  propagation  is  represented  reasonably  well  by  simple  models  such  as  horizontal 
or  concentric  spherical  or  cylindrical  dielectric  layers  It  Is  possible  to  use  standard  separable  solutions 
to  the  propagation  problem  to  determine  the  corresponding  phase  anomalies  and  pulse  delays. 

As  the  demands  on  the  navigation  systems  become  more  stringent,  it  is  necessary  to  obtain  more 
accurate  predictions  of  the  received  signals.  Thus  for  many  relevant  propagation  problems  it  is  i.ot 
sufficient  to  use  such  idealized  models  of  the  propagation  medium.  More  realistic  models  of  the  propaga- 
tion medium  consist  of  irregular  boundaries  and  stratified  media  with  layers  of  nonuniform  thickness  and 
varying  electromagnetic  parameters.  For  these  models  it  is  not  possible  to  obtain  separable  solutions  to 
the  propagation  problem.  In  thesi  cases  the  fields  are  expanded  in  terms  of  complete  sets  of  basis 
functions  that  reflect  the  local  features  of  the  medium,  and  Maxwell's  equations  are  transformed  into 
coupled  sets  of  first-order  differential  equations  for  the  complex  wave  amplitudes.  Thus,  the  fields  at 
the  surface  of  the  earth  are  expressed  completely  as  a superposition  of  vertically  and  horizontally 
polarized  surface  waves,  lateral  waves  and  radiation  fields. 

In  this  work  propagation  over  irregular  models  of  the  earth's  crust  is  examined  for  LORAN  C pulse 
excitations.  Expressions  for  the  envelope  of  the  transient  response  and  the  effects  of  the  ground 
parameters  on  the  pulse  delays  and  the  phase  anomalies  are  determined. 

2.  FORMULATION  OF  THE  PROBLEM 

Tht  ol  ettlit  AIy  It-eA  ^ 4 4;<«gh  4a 

In  detail.  The  interface  between  two  semi-infinite  media  of  complex  permittivity  E and  permeability  y is 
given  by  h(x)  (Fig.  1).  Thus 


la 

e - e - ie  « t, . 

R I k (I) 


'eo  , y > h(x) 


, y < h(x) 


(2.1) 


The  vertically  polarized  waves  are  excited  by  a magnetic  line  source  Jm  (analogous  to  the  electric  line 
current  J)  and  to  obtain  the  steady  state  solutions  an  exp(lut)  time  dependence  is  assumed. 

Using  a full  wave  approach,  the  fields  are  expressed  ir  terms  of  generalized  Fourier  transforms  that 
are  suitable  for  the  treetment  of  rough  surface  scattering.  Thus  fBahar  1972a)  the  magnetic  field 
component  is  expressed  as 


Hz(x,y)  - HQ(x,y)  + H^x.y)  + H8<x,y)  - ZH(x,u>i|»(u,y) 

f”  r° 

■ J H0(*»yH,0<u»y)<*“0  + J H1(*»y)<'1(“.y)d“1  + H#(x,y)t|l8(x,y) 


where  the  field  transforma  ere 


H (x,u) 

B* 


CD 

- | Hl(x,y)Z(u,y)y]n(u,y)dy 


m - 0,1  or  a 


(2.2a) 


(2.2b) 


and  Hq,  Hx  and  H(  ere  the  radiation  field,  the  lateral  wave  end  the  surfece  wave  terms  respectively. 
The  corresponding  basis  functions  ere 

[■[exp(iuoy)  + Rej>(u)exp(-iuoy)]/t2itZ<>(u)]1*,  y ^ h(x) 


VU,y)  ‘ Roh(u)VU,y)  ■ 


^(u.y)  - R1j|(u)i|/1(u,y) 


expliu1(y-h)exp(iuoh)To(u)/[2wZo(u)J1,  y < h(x) 


1 

{exp  -iuo(y-h)  exp(-iu1h)T1(u)/[2ffZ1(u)]’,I  y > h(x) 
lexp(-iUly)  + 


<2.3e) 


Rlh(b)exp(iUly) J/fZxZ^u)]1*,  y < h(x)  (2.3b) 


*Thie  work  was  supported  by  the  U.S.  Army  Research  Office,  under  Grant  No.  DAHCO4-74-C-007* . 
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and 


where 


¥g(u,y)  - ip 


{exp[-iuog(y-h)],  y >.  h(x) 
exp[lulg(y-h)]  , y < h(x) 


[yu.h)]2  - 2iuo8/Zo(a8)[l-(eo/ei)2]  - -2ia>eo/n(l-l/e2) 


and  n Is  Che  refractive  Index 
The  transverse  wave  impedance  Is 
Z(u,y)  - 6/we 


e,/e  - e 

1 o r 


{6/we  - Z 

o o 

6/uEj^  - Zx 


where 


6 - <ko  1 ' uo  1^ 

0,1  0,1 


(u)  , y > h(x) 
(u)  , y ' h(x) 

Im(6)  < 0 


and  k0>i  ■ a)(uo,C0,l'  *8  t*1®  Wflve  number. 

The  reflection  coefficients  referred  to  the  surface  y ■ 0 are 

Roh(u)  “ R„(u)exP(i2u„10»  R1K(u)  ■ Ri  (uJexpC-lZ^h) 


lh' 


(2.3c) 

(2.3d) 

(2.4) 


(2.5) 

(2.6) 


(2.7a) 


and  the  Fresnel  reflection  and  transmission  coefficients  (referred  to  the  boundary  y ■ h)  are 
Ro(u)  - - Rx(u)  - (u^  - u1eo)/(u6e1  + u^)  and  ^(u)  - 1 + Rq ^(u) 

For  the  surface  wave  1/R  (u  ) - 0,  thus 
o s 


u e,  + u,  e “0,  Im(u  ,)  < 0 
os  1 Is  o o,r 


Thus  assuming  principal  square  roots 


6.  ■ VwT  ’ u< 

E Is 

r 

y 

y*.y> 

where 

k £ 

- and  u - ~~ 

.+£  18 

t r 


E (x,y)  - E (x,y)Y  (u,y)dy,  m - 0,1 
m y m 


or  8 


(2.7b) 

(2.8a) 

(2.8b) 

(2.9a) 

(2.9b) 


For  the  full  wave  analysis  to  the  problem,  the  fields  are  subjected  to  the  exact  boundary 
conditions  at  the  Interface  y * h(x).  Thus  (Bahar  1972b) 


and 


Hz(x,h  ) - Hz(x,h  ) 


[yx*h+)  - [r  H*(x-h+>  - ej  Hz(x’h-)] 


(2.10a) 

(2.10b) 


The  differential  equations  for  the  transverse  field  components  E and  H are 

y * 

-*y3x  ■ s?  ^2h*  + *\'*y2)  + \ 

-3H  /3x  - luE  E 

* y 


(2.11a) 

(2.11b) 


On  substituting  the  field  transforms  (2.2)  and  (2.9)  Into  (2.11),  subject  to  the  boundary  conditions 
(2.10),  Maxwell'e  equations  are  converted  into  generalized  telegraphist’s  equations  for  the  field 
transforms.  Due  to  the  Irregularities  of  the  boundary  y • h(x),  the  first  order  differential  equations 
for  the  field  transforms  are  coupled.  Thus  the  Incident  radiation  fields  are  scattered  at  the  Irregular 
boundary  In  non-specular  dlrectlona  and  converted  Into  surface  and  lateral  waves.  Similarly,  the 
Incident  surface  and  lateral  waves  are  coupled  Into  the  other  full  wave  components  of  the  field. 

The  dual  problem  of  scattering  of  horizontally  polarized  waves  can  be  analyzed  In  a similar 
manner  by  replacing  the  magnetic  line  source  with  an  electric  line  source  and  Interchanging  the  electric 
with  the  magnetic  fields  and  the  dielectric  coefficients  with  the  magnetic  permeability.  The  more 
general  case  of  scattering  by  two  dimensionally  rough  surface,  where  effects  of  depolarization  are 
Important,  can  also  be  solved  using  the  full  wave  approach  (Bahar  1974).  When  it  Is  naceesary  to 
account  for  the  earth  curvature  effects,  either  irregular  cylindrical  or  spherical  models  of  the  earth 
can  be  used  (Bahar  1975,  1976). 


k 


<(• 

* 

s 

h 


•t 

r 

<• 

t 


•a* 

* 


i' 


3.  STEADY  STATE  FULL  WAVE  SOLUTIONS  FOR  THE  SCATTERED  FIELDS 

For  a line  source  at  a large  distance  from  the  nonuniform  boundary,  the  scattered  radiation  field 
is  given  ly  (Bahar  1972b) 

H*U,y)  - |H  |exp[-iko(po+p)]f-  F(C£,C1)I(Cf ,C1,h,L)  (3.1a) 

' C ' 

where  |H  | is  the  magnitude  of  the  specularly  reflected  field  for  a flat  perfectly  conducting  surface  at 
the  carrier  frequency  wc. 


|h  |-Kk  LC^irn  (p  p)*1  - iH^k  LC£/(2k  p)*5  (3.1b) 

1 sp‘  oc  o o o o1  oc  o ocK 

The  magnitude  of  the  unperturbed  incident  wave  at  the  origin  is  |h£|;  pQ  » (Xg+y2)**,  p » (x2+y2)** 

are  the  distances  from  the  source  and  field  point  to  the  origin  (see  Fig.  1)  and  k^  « WcfVo^)*1  is 

the  free  space  wave  number  at  the  carrier  frequency. 


F(Cf,C1) 


2CMCKSo)(1-1/er> 


and 


[cX/n]tcf+<:l/n]  [cX] 

L 

I(Cf,C1,h,L)  - ^ J exp Ji (C£+C£)koh  + i(S£-S£)koxjdx 


(3.1c) 


(3. Id) 


where  C£  and  S£  are  the  cosine  and  sine  of  the  angle  of  incidence,  81  in  the  medium  y > h and  C£  and  S£ 
are  the°co8ine°and  sine  of  the  scattering  angle  0^.  The  corresponding  expressions  for  the  medium  y < h 


and 


The  intrinsic  impedance  is 


and  the  nonuniform  boundary  is  given  by 


It  1 

instead  of  0. 

Thus 

I1*? 

- k . Ci,£  » 

k 

. COS 

6i.f 

0,1 

0,1 

0,1 

o.l 

0,1 

ii,£ 

- k . S1,£  » 

k 

. sin 

Qi,f 

0,1 

o.l 

0,1 

0,1 

0,1 

fv  /y7^ 


h(x), 


L < x < L 


(3.2a) 

(3.2b) 

(3.3) 

(3.4) 


when  medium  1 (y  < h)  is  highly  conducting  and  the  fields  in  the  region  y < h are  of  no  practical 
interest,  it  is  convenient  to  anelyze  the  problem  by  charecterlzlng  the  interface  y - h(x)  by  an 
approximate  surface  Impedance  for  waves  of  grazing  incidence  (Bahar  1972c) 


Zs  + VCr_1)  /er 


(3.5) 


The  full  weve  solutions  for  the  scattered  radiation  fields  (3.1)  satisfy  the  reciprocity  relationships 
is  electromagnetic  theory. 

The  scettered  radiation  fields  (3.1)  vanish  near  the  boundery  8£  ■*  y . This  agrees  with  the 
empirlcelly  well  known  result  that  for  any  surface,  ragerdless  of  roughness,  a scattered  radiation  field 
will  not  exist  at  the  surface  except  for  grazing  incidence  (Beckmann  and  Spizzichlno,  1963).  Howaver, 
dua  to  surface  lrreguleritlas,  tha  incident  radiation  flalds  excited  by  llna  sources  et  large  dlstancas, 
are  couplad  into  guided  surface  waves  and  laterel  weves  (see  Fig.  2).  The  scattered  surface  waves  and 
letaral  waves  could  tharefore  be  the  predominant  contributions  to  the  totel  fiald  near  irregular 
boundarias. 

The  scattered  surface  wevas  due  to  line  sources  at  large  dlstences  from  the  boundary  is  (Bahar  1972b). 


whera 


and 


H*o(x.y)  • |H£|exp[-ikoPo]  4ikoLF(C>,Ci)I(Ci,C1,h,L)  . exp[-i<efx  + uo<y)]  (3.6e) 

' c * 


F(c§,0 


(ClCl.-Soiso.)/(CoX/n)n(1+1/er) 


id 

KC^cSh.L)  - ^ j exp[iu£h  + i(6#-6i)x]dx 
-L 


(3.6b) 


(3.6c) 


For 


This  solution  for  tha  scattered  surface  wava  is  also  consistent  with  reciprocity  relationships, 
highly  conducting  media  1,  tha  aurfaca  impedance  concapt  (3.5)  can  be  used  to  charscterlza  tha 
boundery  y • h(x)  to  obtain  approximate  expressions  for  the  scattared  surfece  wave. 

The  scattered  letaral  waves  due  to  line  sources  at  large  distances  from  the  boundary  is  (Bahar  1972b) 


Hto(x,y)  " lHoS“p['iko°oJexp  ;1(kiWp}] 


(2L/A  ) i j X , 

S-rTr  Ftt^.C1)  • I(C0,c\h,L)  (3.7a) 

2x(L./A 


! 


F^.C1)  - (nC*C6  + sV)/^1  + C*/n)n3/2e„ 
lo  oo  o 1 r 

L 

I(Cfi,Ci,htL)  - ^ jexp[iu*h  + KB^-BSxjdx 


in  which  A ^ is  Che  free  space  wavelength  at  the  carrier  frequency  ui^ 

B6  - k S{  - k.S?  ■ t.  ■ k n,  u5  ■ k C®  ■ k uf  - k.C4  - 0 

00  11  1 0 0 00  o 1 11 

The  lateral  waves  are  of  practical  significance  only  for  low  loss  medium  1 where 

n ■ n'-in"  “ S4  ■ sin  5 ■ sin(6'-  id")  “ sin  S'-  id"  cos  S' 
o 

Thu  8 

u5y  + B{x  a k L.  + k.L, 
oJ  o 6 11 


and  the  distances  and  L^  are  (Fig.  2) 


Lj  ■ y/cos  S'  and  » x-y  tan  S'  (3.9b) 

where  S'  is  the  critical  angle  for  total  internal  reflection.  This  solution  for  the  scattered  lateral 
wave  is  consistent  with  reciprocity  relationships.  The  lateral  wave  contribution  cannot  be  derived  if 
the  opproximate  surface  impedance  concept  (3.5)  is  used. 

When  the  line  source  is  near  the  boundary  h(x)  it  excites  surface  waves  and  lateral  waves  in  addition 
to  the  radiation  term.  In  this  case  it  is  also  necessary  to  consider  tha  coupling  between  the  lateral 
waves  and  the  surface  wave  at  the  irregular  boundary.  Tha  surface  wave  generated  at  the  irregular 
boundary  h(x)  by  an  incident  lateral  wave  is 

Kiuieik  L . 

H«(x,y)  - r ° exp [ - i (u® y - B x ) ) exp [ -i (u  y+B  x) ] 

* (2TT)*1f-ik,X  ]3/2  0 0 0 OS  OS 

1 0J 

•F^.C^I^u^.h.L)  (3.10a) 


F(cg.cfi)  - [C4  + l]ler/(l-e2)]3/2 


(3.10b) 


L 

I(Cg,C4,h,L)  - — | exp[-iu4h-i(B6-B,)x]dx 


(3.10c) 


and  for  -xq  » L the  amplitude  of  the  unperturbed  lateral  wava  at  the  origin  la 


(o,o) 


(l-€r)2(2TT)’[-ik1xo] 


371  «pH(v0-66*0>] 


(3.10d) 


Thla  solution  for  tha  coupling  betwean  the  surface  wave  and  the  incldant  lateral  wave  by  lrragular 
surfaces  is  also  consistent  with  reciprocity  relationships  in  electromagnetic  theory. 

It  should  also  ba  pointed  out  that  if  the  exact  boundary  conditions  (2.10)  at  the  Irregular  surfaca 
are  replaced  by  the  approximate  Kirchoff  type  boundary  conditions  (Beckmann  1963).  both  the  surface  wave 
and  lateral  wave  contributions  vanish. 

4.  FULL  HAVE  SOLUTIONS  FOR  TRANSIENT  EXCITATIONS 

To  obtain  the  full  wave  solutions  for  transient  excitations,  analytical  and  numerical  Fourier 
techniques  are  employed.  For  arbitrary  time  varying  excitations  the  instantaneous  axprassion  for  the 
magnetic  line  source  Ja  is 

J (r,t)  - Re  f (t)S(x-x )6(y-y  )a  (4.1a) 

n * o o s 

where  for  convenience  the  excitation  function  f (t)  is  taken  to  ba  complex.  Tha  Fourier  transform 
of  f (t)  is 


A. 

F[fg(t)]  “ | f #(t)exp(-iwt)dt 


The  transfer  function  H^tu)  for  the  scattered  fialds  satlsflas  the  ralatlonshlp 

lyw)  - Hj(-u>)  (4.2) 

where  * is  tha  symbol  for  the  complex  conjugate.  However,  in  genaral  F(u>)  ^ F*(-u>)  slnca  f g(t)  is  complex. 


The  transient  response  can  be  shown  to  be  given  by 


h(r,t)  - Re  F 1 |Hz(u)F(«)]  • Re  — ■ j Hz(u))F(u))exp(iwt)dw 

—00 

5 Re  h (r,t)  (V3) 

8 

In  this  work  LORAN  C pulse  excitations  are  considered  in  detail.  This  pulse  can  be  represented  as  a sum 
of  three  damped  sinusoids  (Johler  and  Horowitz,  1973). 

fs(t)  - A^  exp(-r^t)u(t)  (4. As) 

in  which  u(t)  is  the  unit  step  function 

A,  - i/2  T » c + iut,  u),  ■ u) 

1 1 1 1 c ■ 


i/2 

« c + iu^ 

O 

3 

■ 

H 

3 

-i/4 

r2  - c + iu>2 

ui,  ■ oj  + 2u 
2 c p 

-i/4 

r3  - c + iw3 

u),  ■ a)  - 2u 
3 c p 

(4.4b) 

F(w)  - l Aj/(e+r  ) 

2 

f (t)  « lexp(-ct)sin  o!  t exp(-iu)  t) 
s p 0 

(4.4c) 

f(t)  - |fg(t)  |ain  a!Qt 

(4.4d) 

|fe(t)|  - exp(-ct)sin2aipt 

(4.4e) 

and  the  envelope  la 

|f  (t)|  - exp(-ct)sin2o)  t (4.4e) 

e p 

In  general  for  dissipative  media  the  transfer  functions  Hz(u>)  are  non-analytic.  In  these  cases  the 
transient  response  hg(r,t)  is  expressed  as  follows: 

h8(t)  - h^t)  + hjjCt)  (4.5a) 

where 

i00 

V*>  " 2M  Jlj  H(1)(-rj)H(?)(.,-rj)^[.(t-To)]A1  ds/C.^) 

-i« 

I hE(t)exp(-id)ot)  (4.5b) 

3 ^ 

V°  " 2w±  j£i  J [HI(«)-Ha)(-rj)H(2)(s.-rj)exp(-sTo)]exp(st)Aj  ds/(s+rj)  (4.5c) 

-i* 

H (-r.)  - Ha)(-r.)H(2)(S,-r.)exp(-sT  ) (4.5d) 

* 3 J Jo  g_.r^ 

end  s ■ ha.  For  the  scattered  radiation  fields  (3.1)  we  set  |h  I ■ 1 and 

•P  ' 


■<»(. 


-Vsl 


H(1)(s)  - F(C*,Ci) 


[<CX)h  + (so-so)xi 


exp  (»+r4)T  dx  ( — 

-rj  J Vc. 


T - ti»[(Cp+C*)h  + (sJ-Soi)x]/vo 


T - I la  (p+p)/v 
0 r*i-  0 0 


v - 1/(U  C )’  (4.6e) 

O 0 0 

Thus  TQ  is  the  time  it  takes  e specularly  reflected  wav.  from  e flat  perfectly  conducting  surface  to 
reach  the  observation  point. 

In  (4.5a)  the  term  h, (t)  is  due  solely  to  the  residues  of  the  poles  of  the  excitation  transfer 
function  F(s)  and  h„(t)  Is  due  to  the  singularities  of  Hc(s).  Thus  for  nondissipstive  media  h^(t)  ♦ o 
end  |hg(t)|  (4.5b)  is  the  envelope  of  the  transient  response.  In  general  however,  the  envelope  of  the 
total  response  hj(t)  can  be  regarded  as  the  superposition  of  Ihj^t)!  on  the  function  Re  hg(t).  Thus 

lyt)  - Re  hgd)  * |hE(t)|  (4.7) 


' !(W5 


Since, in  this  work, non-specular  scattering  Is  considered.  In  general,  TQ  is  not  the  arrival  time  of 
the  earliest  signal  at  the  observation  point.  The  earliest  signal  at  the  observation  point  arrives  st 
time 

T - T - T (4.8a) 

A O M 

where  T is  the  largest  value  of  t in  (4.6c).  Thus  if 

dl/dxl  - 0 for  -L  < x < L (4.8b) 

in 


, for  T(x  ) > T, 
m i 


r,  - Him  Sf  - S1  L/v  , for  T,  > t(x  ) 
1 s-H»  0 0 0 In 


and  if  (4.8b)  is  not  satisfied  T^  ■ It  is  convenient  in  this  work  to  employ  a transformation  in 

time  t'  ■ t - Ta-  To  this  end  the  integrands  in  (4.5b)  and  (4.5c)  are  multiplied  by  exp(sT^)  and 
t'  « o,  (t  « T.)  corresponds  to  the  time  of  arrival  of  the  earliest  signal  at  the  observation  point. 
The  time  it  taxes  the  signal  scattered  at  the  stationary  point  x ■ xB  to  reach  the  observer  is 
Tp  ■ T0  - Tfx,,,)  and  in  general  Tp  >_  T^.  The  signal  scattered  at  the  stationary  point  x « (the 
largest  scattered  signal)  is  not  necessarily  the  earliest  signal  to  arrive  at  the  observation  point. 

For  the  scattered  surface  wave  at  x ■ L,  y ■ 0 (3.6)  we  set  | | 4kocL  ■ 1 and 


H(1)(s) 


,V2  , i 

F(CSfC1) 


,,,  . r fc1h  + (S  -Si)x)1  /■  \ 

H (8*-ri)  “ 2L  J jj-r  exp(8+rJ)Tdx^f) 

• “p[-iesL]  “P[-T.rJ 


Him  fc1)!  + (S  ~S*)xl/v 

. Lo  08  O J'  o 


and  T la  the  tine  it  takes  the  surface  wave  to  travel  the  distance  L. 

s 

T - Urn  S L/v 

• ° 


Thus  for  tha  scattered  surface  wave 


T + lim  p /v 
• r*i»  ° 0 


and  (arrival  tine  of  earliest  signal)  Is  given  by  (4.8)  with  S raplaced  by  SQ#  in  (4.8c). 
Similarly  for  tha  scattered  lataral  waves  at  x • L and  y - 0,  (3.7)  we  sat 


Ih£|(2L/Xc)/2w(L1Ac)3/Z-  1 and 


H<2>(. 


b(1)(s)  - 


‘V  ’ IT  J vo<oSo)  ]j  _r^*xp(,+rJ)Tdx  (t) 
• «p[-v]_rj  “p|;Vj] 

T “ iS-  [C°h  + (So'S0)X]/V0 


1 " is.  + (so'so)xj/vo 

and  T.  is  tha  time  it  takes  tha  lataral  wave  to  travel  the  dlatanca  L 
L 

T,  - tin  S*L/v 

L s+1-  0 0 


(4.10a) 


(4.10b) 


(4.10c) 


(4 .10d) 


T,  + Him  P /v 
L O O 


and  Is  glv*0  by  (4.8)  with  S*  replaced  by 


(4.10e) 


exp(8+r.)xdx  / — 

r J ( U) 

r3  Vc. 


* «p[-iB8L]  exp["Vj] 


(4.11a) 


For  a surface  wave  at  x ■ L and  y - 0 generated  at  the  Irregular  boundary  by  an  Incident  lateral 

(3.10)  we  set  K o k L/2ir)J*(— k x )3/2«  i an<j 
c oc  oc  o 

H(1>(s)  F(C8.C6)/<sJ)3/2  (4.11a] 

, cL  r fc6h  + (S6-S  )xll  , N 

H (8'rj)  “ 2L  j “P  -8|“ vf—  r exP(s+rj)Tdx 


H(1)(s) 


H(2)(s-r, 


(4.11b) 


S-im  -[cA  + (S6-P  )x  /v 
L 0 o os  J o 


and  T is  given  by  (4.9d).  Thus  in  this  case 


(4.11c) 


T - T + 11b  CS  y -SS  x 

0 8 s-i»L°  0 0 °J 

and  Ta  is  given  by  (4.8)  with  (S^-S*)  replaced  by  (SQ8-S^)  in  (4.8c) 


(4. lid) 


The  term  h^t)  in  (4.5)  which  is  attributed  to  the  singularities  of  the  transfer  function  Hz(w)  is 
significant  only  at  the  leading  edge  of  the  response.  However,  any  distortion  of  the  leading  edge  of  the 
pulse  due  to  medium  effects  could  result  in  an  effective  delay  in  arrival  time  of  the  radio  signal. 

The  instantaneous  phase  <J) (t ) of  the  transient  response  is  given  by  the  phase  of  the  complex  response 

h (t).  Thus 
s 


<t>(t)  - arc  tan[lm{f s(t))/Re{f s(t))] 


(4.12a) 


For  the  undistorted  LORAN  C pulse  i)>(t)  = - to^t.  However,  in  general  the  phase  deviation  (or  phase  anomaly) 
for  the  transient  response 


A<J>(t)  “ 4>(t)  + (DQt 


(4.12b) 


does  not  vanish.  Very  rapid  variations  in  A<f>(t)  occur  at  the  leading  edge  of  the  transient  response. 

Thus  examination  of  the  terms  h^(t)  and  A<t>(t)  is  useful  to  determine  medium  effects  on  pulse  delays. 

5.  ILLUSTRATIVE  EXAMPLES 

Fr  - the  illustrative  examples  presented  in  this  section  the  carrier  frequency  - 105  Hz,  f - fc/40 
and  c » 10  fp.  The  irregular  boundary  between  the  two  media  is  given  by 


h(x)  - hMt[l  + cos(irx/L)]/2 


-L  < x < L 


where  2L  * 10A  , k h « 2.  The  free  space  wavelength  at  f is  \ ■ 3.10  meters, 

oc  oc  max  r ° c oc 

In  Fig.  3 the  instantaneous,  specularly  scattered  radiation  field  is  plotted  as  a function  of 
t’  « t - tA  where  *.A  is  the  arrival  time  of  the  earliest  response  (4.8).  Medium  1 ( y < h)  is  assumed  to  be 
highly  conducting  er  - 100  - i lO^^c^and  0^  * 6*  • 80°.  The  envelopes  of  the  scattered  field  and  the 
undistorted  LORAN  C pulse  are  also  given  in  Fig.  3.  For  convenience  both  have  been  normalized  to  unity  at 
their  respective  peaks.  Along  the  time  axis  the  symbol  x is  marked  three  times.  The  first  is  at  time 


Txl  ■ TM-T(xm>±°  <5-2' 

Thus  T^is  the  difference  in  the  time  of  arrival  of  the  earliest  response  and  the  time  of  arrival  of  the 
response  from  the  stationary  point  where  df/dx  ■ 0 (4.8b).  The  second  x symbol  appears  at  the  time 

x2  xl  o (5.3) 

where  T^  occurs  3 half  periods  after  .T^.  The  third  zero  crossing  of  the  received  signal  is  usually  used 
to  mark  the  arrival  time  of  the  LORAN  C pulse.  The  third  symbol  indicates  the  time  T^  when  the  undistorted 
LORAN  C pulse  peaks.  For  the  case  studied  in  Fig.  3,  the  pulse  scattered  in  the  specular  direction  undergoes 
very  little  distortion  and  T ^ * 0. 


/ “c\ 

In  Fig.  4,  the  specularly  scattered  radiation  field  is  plotted  for  the  case  er  ■?  ^1  - i— 1 • The  r« 
of  the  data  is  as  in  Fig.  3.  Here,  too,  the  envelope  of  the  scattered  pulse  undergoes  very  little 
distortion,  however  since  the  Fresnel  reflection  coefficient  is  not  equal  to  unity  a.  in  the  previous 
example,  there  is  a marked  shift  in  the  third  zero  crossing.  In  Figs.  4b  and  4c,  the  phase  anomaly  A(<£), 
(4.12b)  and  Re  h^t),  (4.5)  are  plotted  at  functions  of  time  for  the  case  considered  in  Figs.  4. 
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The  2ir  change  In  A(<f>)  which  occurs  at  tine  Tp/2  « 1/2  f - 2.10^  sec  when  the  envelope  (4.4e)  of  the 
LORAN  pulse  vanishes,  can  be  Ignored.  Thus,  the  effects  of  finite  ground  conductivity  on  the  response 
are  significant  only  near  the  leading  edge  of  the  pulse.  In  Figures  Sa,  5b  and  5c  the  non-specularly 

scattered  radiation  field  is  considered.  For  this  case  e,  » 10(1  - i Mc  ) gi  ■ 80°  and  8f  - 50.8°. 

f <ii  o 

This  value  of  corresponds  to  the  direction  where  the  scattered  field  is  at  a minimum.  In  Fig.  5a  in 

wi.isl  the  .ell  ~t  jl.  inwe.  response  and  envelope  ate  plotted,  »e  note  tiiat  the  pnis  la  distorted 

and  that  T^  > 0.  Furthermore  in  Fig.  5b,  the  undulations  in  phase  anomaly  result  from  the  fact  that  near 
the  direction  of  a minima  (8^  - 50.8°)  the  scattered  fields  undergo  distructive  Interference.  In  Fig.  5c, 

Re  hg(t)  is  significant  only  near  the  leading  edge  of  the  pulse. 

In  Figures  6a  and  6b,  the  scattered  surface  wave  due  to  the  incident  radiation  field  is  considered. 

For  the  case  considered  e - 10(1  - i fs.  ) and  81  + 90°  grazing  incidence.  For  81  ■*  90°,  the  coupling 

* (j)  o o 

between  the  incident  radiation  field  and  the  surface  wave  is  largest  in  the  example  considered.  In 
Fig.  6a  the  instantaneous  response  and  the  envelope  of  the  scattered  surface  wave  are  plotted.  Here 
T , > 0,  this  results  in  the  small  shift  in  the  envelope  of  the  response  with  respect  to  the  envelope 
or  the  unperturbed  LORAN  C pulse.  Fig.  6b  also  indicates  that  the  Re  hjj(t)  is  negligible  beyond  the 
leading  edge  of  the  pulse. 

In  Figures  7a  and  7b,  the  scattered  lateral  wave  due  to  the  incident  radiation  field  is  considered. 

For  the  case  considered  here,  e « 1 - 0.5/(l  - 0.1  i _J£)  and  61  - 70°.  At  the  angle  81  - 70°,  the 

r il)c  o ° 

coupling  between  the  lateral  wave  and  the  incident  radiation  field  is  maximum.  In  Fig.  7a,  the  leading 
edge  of  the  pulse  is  shown  to  be  very  distorted  and  T ^ > 0.  For  the  lateral  wave,  which  propagates 
parallel  to  the  boundary  in  medium  1 (y  < 0),  the  term  Re  hjj(t),(Fig.  7b)  is  not  insignificant  beyond 
the  leading  edge  of  the  pulse.  This  term  is  due  to  the  singularities  of  the  transfer  function  Hz(s)  (4.5). 

In  Fig.  8,  the  scattered  surface  wave  response  due  to  an  incident  lateral  wave  is  plotted  as  a 
function  of  time.  For  this  case  e « 1 - 0.5/(l  - 0.1  1 — 5ii) , since  the  wave  parameter  ft  (2.6)  is  not  the 

same  for  the  surface  and  the  lateral  waves,  here  too,  T ^ > 0 and  there  is  a shift  in  the  enveloped  of 
the  response  with  respect  to  the  unperturbed  LORAN  C envelope. 

6.  CONCLUDING  REMARKS 

Analytical  and  numerical  solutions  for  low  frequency  radio  waves  propagation  over  rough,  finite 
conducting  surfaces  are  presented.  These  solutions  are  based  upon  a full  wave  approach  to  the  problem. 

Thus  consideration  is  not  only  given  to  non-specular  scattering  of  the  radiation  fields,  but  also  to 
coupling  between  the  radiation  fields,  the  lateral  and  the  surface  waves.  For  the  case  of  scattering 
in  the  specular  direction,  the  time  of  arrival  of  the  response  from  the  stationary  points  of  the 
irregular  surface  is  determined  by  x(xo)(4.8b).  Furthermore  since  the  time  of  arrival  of  the  LORAN  C 
pulse  is  usually  considered  to  be  the  third  zero  crossing,  the  phase  of  the  reflection  coefficient  and 
therefore  the  ground  permittivity  determines  the  effective  time  of  arrival  of  the  pulse.  For  non- 
Spcculdi  awat t e.  l..g , the  leading  edge  of  the  pulse  veld  be  eet.si.de.ably  di.see.led  auu  1^  f e (4. be), 
adding  to  the  Inaccuracy  in  determining  the  effective  arrival  time  of  the  LORAN  C pulse.  When  the 
conductivity  of  medium  1 (y  < h(x))  is  low,  the  contributions  from  the  scattered  lateral  waves  and 
uafitti  fad?  be  1 LglrU  Iaa  i,  pUI  fCUlstl)  LI  U*  AlliU*  NV*  j.Ulil  skis  * Jr  SJ  HUE 

arrive  at  approximately  the  same  time.  These  contributions  are  significant  only  when  the  transmitter 
or  receiver  are  near  the  irregular  boundary. 
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DISCUSSION 


Dr  Langenberg 

I did  not  really  understand  how  you  came  from  your  steady-state  solution  to  the  direct  transient  response.  Was  it  by 
rr^jrtS  tit  a F 'jf  did  yow  lepjjtfte  Gw  tXniTYi  -iwtkjii  l t tirt  iA  Gw  VnHiBtsr  '.'mvc VrOi«  m t w 

example,  the  SEM  (Singularity  Expansion  Method)  does? 

Author’s  reply 

As  I pointed  out  in  my  talk,  the  transient  response  (the  product  of  the  excitation  transform  and  the  steady  state 
transform  function)  was  split  into  two  parts.  The  first  term  contains  the  singularities  (poles)  of  the  excitation  trans- 
form only.  The  second  term  contains  all  the  singularities  (poles  and  branch  points)  of  the  transfer  function. 

The  transient  response  due  to  the  first  term  contains  exp(— iwct)  as  a factor  («c  is  the  carrier  frequency).  It  can 
be  calculated  readily  by  analytical  methods.  The  second  term  is  in  general  far  more  difficult  to  calculate  analytically 
(particularly  due  to  the  branch  points).  These  terms  are  readily  calculated  using  Fast  Fourier  Transform  Techniques. 
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ABSTRACT 

An  attempt  to  determine  Loran-C  propagation  limitations  from  measured  data  is  re- 
lated to  the  prediction  model  against  which  the  data  are  analyzed.  Inadequate  models 
have  resulted  in  analysis  problems  and  reported  misleading  results.  After  measuring  and 
analyzing  Loran-C  data  throughout  the  world  over  a period  of  20  years,  it  has  become 
possible  to  recognize  these  analysis  problems.  Until  the  modeling  limitations  are  com- 
pletely understood  and  resolved,  the  subject  of  the  propagation  limitations  of  Loran-C 
cannot  be  adequately  summarized. 

Some  examples  of  real  versus  apparent  propagation  type  errors  are  presented  to  show 
the  problems  associated  with  certain  analysis  techniques.  Also,  an  example  of  an  un- 
founded assumption  is  used  to  show  how  errors  in  basic  assumptions  can  affect  the  evalua- 
tion of  the  entire  system's  capability. 

I.  INTRODUCTION 

A simplified  and  often  used  solution  to  the  modeling  problem  is  to  empirically  fit 
a purely  mathematical  prediction  to  the  measured  data  and  analyze  the  results  statisti- 
cally. Unfortunately,  reasonable  physical  restraints  are  often  not  included  in  the 
model,  and  the  results  lack  uniqueness.  Thus,  the  nonunique  statistical  solution  can 
yield  results  considerably  different  from  a solution  obtained  when  physical  restraints 
are  imposed.  This  can  be  illustrated  by  using  perfect  data  (i.e.,  data  that  yields  zero 
errors)  as  input  to  an  empirical  model  fitting  technique.  Subsequent  statistical  analysis 
with  up  to  0.2  ms  of  random  noise  superimposed  on  the  input  data  produces  apparent  propa- 
gation errors  in  excess  of  ± 10  ms.  This  clearly  illustrates  the  need  for  physical  re- 
straints. 

Nonrigorous  or  speculative  prediction  models  resulting  from  misinterpretation  of 
measured  propagation  effects  may  also  result  in  a nonuniqueness  problem.  Over  highly 
irregular  and  nonhomogeneous  surfaces,  the  secondary  phase  correction  is  more  variable 
than  over  smooth  homogeneous  terrain.  An  increase  in  variability  also  occurs  in  the 
pulse  amplitude  and  envelope  (i.e.,  envelope  to  cycle  discrepancy  or  ECD) j therefore,  it 
has  been  assumed  that  if  you  were  to  measure  one  parameter  you  could  predict  the  second 
at  all  locations.  In  the  case  of  the  secondary  phase  correction  related  to  ECD,  the  com- 
plete theoretical  analysis  shows  that  a unique  relation  exists  at  any  single  point,  but 
the  relation  changes  with  location  so  that  no  unique  and  singular  relation  exists. 

Rigorous  mathematical  theory  shows  that  over  smooth  homogeneous  surfaces  the  primary 
factor  affecting  the  secondary  phase  correction  is  the  surface  impedance,  whereas  the 
primary  factor  affecting  the  ECD  is  the  earth's  curvature  and  not  the  surface  impedance. 

II.  PHILOSOPHY  OF  PREDICTION  AND  RANDOMNESS  OF  MEASUFJSD  DATA 

Loran-C  prediction  philosophy  is  based  on  very  simple  straightforward  concepts, 
even  though  the  rigorous  mathematical  solutions  become  quite  complex.  To  a first  approx- 
imation, a radio  signal  travels  at  the  speed  of  light  in  a vacuum.  The  actual  earth's 
surface  with  its  irregularities  and  nonhomogeneities  change  the  velocitv  of  propagation 
by  a small  but  important  correction  factor. 

In  the  case  of  the  Loran-C  radio  navigation  system,  one  is  always  interested  in  the 
arrival  time  of  the  signal  as  denoted  by  the  phase  of  the  signal.  Since  the  surface  con- 
ditions always  slow  down  the  signal,  the  phase  can  be  defined  as  the  primary  phase  (based 
on  the  speed  of  light  in  normal  atmosphere)  and  the  secondary  phase  correction. 

It  takes  all  of  the  mathematical  rigor  of  Maxwell's  equations  to  predict  this  rela- 
tively small  secondary  phase  correction.  Figure  1 compares  the  magnitude  of  the  primary 
phase  with  the  secondary  phase  correction.  Even  though  this  calculation  was  made  over 
some  of  the  most  rugged  terrain  in  the  United  States,  it  is  still  impossible  to  see  the 
secondary  phase  correction  after  it  has  been  added  to  the  primary  phase  delay. 

It  is  quite  obvious  from  this  example  that  the  very  large  and  extremely  predictable 
primary  phase  should  be  removed  before  the  secondary  phase  correction  propagation  effects 
are  studied.  An  attempt  to  model  measured  data  without  removing  the  primary  phase  may 
lead  to  a "numerical  swamping"  effect.  Examples  of  this  will  be  shown  later  in  the  ap- 
plications portion  of  this  paper. 

The  secondary  phase  correction  portion  of  the  propagation  theory  is  the  limiting 
factor  in  loran  prediction  capability.  If  the  surface  terrain  and  surface  impedances 
are  known  for  all  points  between  the  transmitter  and  the  receiver,  the  secondary  phase 
correction  can  be  accurately  predicted.  However,  for  any  given  point  within  a service 
area  or  along  a given  path,  the  secondary  phase  correction  may  appear  to  be  quite  random 
(see  fig.  1) . 
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The  apparent  randomness  of  the  secondary  phase  correction  is  completely  analogous 
to  the  random  number  generator  in  a computer.  Empirical  fitting  of  any  number  of  random 
samples  from  a computer  random  number  generator  will  not  allow  one  to  predict  additional 
future  samples.  However/  if  one  knows  the  seed  and  formula  for  generating  the  random 
numbers,  any  or  all  of  the  random  numbers  can  be  determined  exactly.  This  is  exactly 
the  same  situation  with  the  extremely  complex  secondary  phase  corrections  of  the  Loran 
system.  Hence,  the  use  of  a least  squares  fitting  to  a number  of  Loran-C  measurements 
as  an  attempt  to  predict  additional  measurements  is  fraught  with  disaster.  All  that  can 
be  achieved  is  detection  of  the  systematic  portion  of  the  propagation.  But  this  could 
have  been  predicted  from  the  simple  and  well  proven  homogeneous  smooth  earth  theory,  with- 
out the  need  for  any  measurements  1 

Now,  as  with  the  seed  and  formula  in  the  random  number  generator,  if  one  accounts 
for  the  path  parameters  from  transmitter  to  receiver  and  utilizes  a mathematically  rig- 
orous solution,  the  secondary  phase  variations  can  be  predicted.  So  that,  an  apparently 
random  phenomena,  as  seen  from  the  measurement  point  of  view,  is  not  random  at  all  as 
seen  from  the  prediction  point  of  view. 

Attempts  to  explain  the  random  phenomena  in  the  measurements  by  least  square  fitting 
techniques  may  be  further  aggravated  by  numerical  swamping.  This  phenomenon  becomes  a 
problem  when  improper  mathematical  procedures  are  used.  In  the  Loran-C  case,  this  can 
occur  when  the  primary  wave  is  not  considered  separately  from  the  secondary  phase  cor- 
rection; that  is,  when  the  great  numerical  value  in  its  entirety,  as  shown  in  figure  1, 
is  adjusted  by  a least  square  fitting  of  measured  data.  As  can  be  seen  from  figure  1, 
the  random  secondary  phase  correction  can  not  even  be  visually  detected  in  the  total  phase 
that  includes  primary  phase  plus  secondary  phase  correction.  Examples  of  this  numerical 
swamping  problem  will  be  presented  in  the  next  section. 

III.  EXAMPLES  OF  REAL  VERSUS  APPARENT  PROPAGATION  ERRORS 

The  phase  of  the  low  frequency  radio  signal  can  be  expressed  as 


* (w/c)  nad  + d>c  , (1) 

where  w = 2irf,  c is  the  velocity  of  light  in  a vacuum,  ng  is  the  surface  refractive  ihdex, 
d is  the  distance  from  the  transmitter,  and  the  $ is  the  secondary  phase  correction  (in 
radians)  Caused  by  finite  impedance  and  refractive  index  changes  on  either  side  of  the 
irregular  surface  boundary  along  which  the  signal  propagates.  The  first  term  in  this 
equation  is  the  primary  wave,  and  all  of  the  factors  are  simple  well-known  parameters. 

As  can  be  seen  from  figure  1,  this  term  in  the  equation  is  by  far  the  largest. 
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Figure  l.  Primary  phase  and  secondary  phase  correction  computed  from  scaled 
terrain  and  impedance  data  for  the  Master  to  Monitor  path  in  Nevada 
and  California,  including  Death  Valley. 

Although  the  second  term  of  the  equation  is  more  than  an  order  of  magnitude  less 
than  the  first  or  primary  term,  it  is  by  far  the  most  complex  (Johler,  1971).  When  the 
actual  irregularity  of  the  surface  is  taken  into  account  and  the  surface  impedance  A,  at 
all  points  along  the  path  is  conaidered,  the  following  formulas  may  be  obtained. 


r-*  asowsBC'S 


w = n/2n 


npri  = exP("iklro)/ro  ' (4) 

where  0 and  Q are  spatial  positions  to  be  calculated  and  r = r.+r2-rQ,  and  A = {%  if  Q is 
above  SQ  and  1 if  Q is  on  SQ}.  Also,  the  rQ,  r.,,  r, , and  3r,/3n  are  all  functions  of  a.  The 
distance  between  the  transmitter  and  scatter  point  under  consideration  is  rQ.  The  dis- 
tance from  the  transmitter  to  another  scatter  point  is  r. , and  r»  is  the  distance 
between  the  two  scatter  points.  In  other  words,  in  this1propagation  simulator  expressed 
as  an  integral  equation,  the  terrain  is  introduced  by  rQ,  r.,  r,,  and  3r,/3n;  whereas 
ground  surface  impedance  is  introduced  as  (Q)  and  ( 0 ) . The  secondary  phase  correction 
<f>c  is  then  represented  by  the  argument  of  WT 

W = | W | exp{-i[arg  W) } (5) 


W = | W | exp{-i(*c)}  . (C) 

Finally,  in  the  case  of  the  Loran-C  system,  the  time  difference  between  the  arrival  time 
of  a signal  from  a secondary  station  with  a fixed  emission  delay  (ED)  and  the  master  sta- 
tion is  measured.  That  is, 


TD.  = (w/C)  n d,  ♦ * , - (w/C)  n d„  - 4 ♦ ED.  , 

A ' ' ' . 'a  A ^secondary  ' ' ' >a  m ^master  A ' 


where  the  phase  corrections  over  the  path  from  the  master  transmitter  subtract  from  the 
phase  corrections  over  the  path  from  the  secondary  trausmitter . This  is  a very  complex 
theory,  and  many  attempts  have  been  made  to  avoid  it  or  to  ignore  it  in  favor  of  more 
simplifing  data  analysis  techniques. 

In  such  an  attempt  to  statistically  fit  corrections  to  data  measurements,  Pearce  and 
Walker  (1974)  used  the  following  formula; 

TD[P]  * (ED  + a)  + 8(DS  - Dm)  + e(9s,9m)  , (8) 

where  £(8_,9M)  is  to  account  for  seawater  paths  at  bearing  angle  9 from  the  secondary  and 
master  transmitters  to  the  field  points.  Using  this  analysis  and  61  data  points  in  a 
100  km  square,  they  determined  for  the  Master  and  Secondary  Z path  an  o « -0.19,  8 » 

3.339  and  an  RMS  deviation  for  the  set  ■ 0.33.  For  a 30-data  point  sub  set  of  these  data 
in  a 60  km  square,  they  found  a ■ -4.11,  8 ■ 3.349,  and  the  RMS  deviation  for  the  set  ■ 
0.25.  In  this  particular  case,  the  Secondary-Z  transmitter  was  approximately  1000  km; 
whereas,  the  Master  station  was  approximately  600  km.  Therefore,  the  0.01  change  in  6 
between  these  two  solutions  times  the  Dg  - DH  of  400  km  yields  approximately  4 us  or  the 
change  in  a. 

Although  a solution  of  this  nature  is  a valid  empirical  technique,  and  could  be  used 
to  predict  points  within  the  area  where  data  is  already  available,  it  has  no  physical 
significance.  The  large  a numbers  of  several  microseconds  are  frequently  interpreted  as 
Loran  associated  errors,  but  in  reality  are  only  a result  of  the  mathematical  analysis. 
This  type  of  solution  and  the  next  example  are  indicative  of  numerical  swamping. 

In  a separate  attempt  to  statistically  analyze  Loran-C  data,  measurements  made  in 
Alabama  and  Florida,  Wieder  and  Washburn  (1970)  used  a least  squares  fitting  technique. 
Mine  locations  were  measured  in  Alabama  and  five  locations  were  measured  in  Florida  in 
this  experiment.  They  first  assigned 


ATDA  - ElDSA  - £2Dm  + e4 

ATDB  - £3Dsb  - e2Dm  ♦ e5  . (9) 

They  then  minimized  the  quantity 


ElDSAi 


* E2DMi 


* WBi(iTDBi 


" E3DSBi  + E2DMi 


Here  again  the  small  c's  multiplied  by  the  large  D's  produced  large  microsecond  corrections 
that  were  offset  by  e.  and  The  results  of  all  of  their  analysis  showed  e4  and 

values  ranging  from  -7.5  to9+15.8  us. 


In  an  attempt  to  understand  the  reason  for  these  large  e's,  a separate  experiment 
was  performed.  TD  values  were  chosen  for  each  location  so  that  all  of  the  e's  were  a 
Flit  ear-  a*  analysed  1^3  the  compote* . r aLtiq-utatly , the  random  noflibet  generator  in  Hit 
computer  was  used  to  add  or  subtract  errors  from  each  of  the  TD  numbers  used  in  the 
analysis.  When  the  random  errors  introduced  into  the  TD  values  had  peak  values  of  ± 0.2 
us,  the  e,  and  e,  values  exceeded  ± 10  us.  In  other  words,  by  introducing  purely  random 
noise  oetween  u Sna  1 0.2  us  into  tne  psuedo  measured  data,  the  e's  produced  by  tne  Dest 
mathematical  least  squares  fit  exceeded  fifty  times  the  maximum  random  error  introduced. 
This  i.s  an  excellent  example  of  numerical  swamping  in  data  analysis.  As  was  pointed  out 
by  Doherty  (1972) , many  of  these  problems  could  be  avoided  by  introducing  the  physical 
restraints  of  the  propagation  theory. 

A further  example  of  a real  versus  an  apparent  propagation  error  occurs  in  the  area 
of  ECD  (Envelope  to  Cycle  Discrepancy) . The  rigorous  theoretical  method  for  predicting 
a point  on  the  envelope  of  a Loran-C  pulse  involves  evaluating  equations  ( 1) — ( 6)  as  a 
function  of  frequency.  A complete  analysis  of  these  equations  over  irregular  inhomogen- 
eous ground  (Johler  and  Horowitz,  1974)  showed  that  both  the  phase  and  the  envelope 
variability  increased  when  the  terrain  became  more  rugged.  However,  the  analysis  showed 
there  was  no  simple  unique  relation  between  the  phase  and  the  envelope.  Again  the  apparent 
randomness  could  be  predicted  by  knowing  the  input  parameters,  but  could  not  be  predicted 
from  measurements  alone. 

This  recent  analysis,  as  well  as  an  earlier  one  (Johler,  1963) , showed  that  over  a 
smooth  homogeneous  terrain  the  ECD  is  practically  independent  of  impedance  and  is  pri- 
marily dependent  on  geometry.  This  is  true  because  the  ECD  is  primarily  related  to  the 
earth's  curvature  through  the  lapse  rate  of  the  refractive  index.  In  the  case  of  the 
secondary  phase  correction,  the  opposite  is  true — the  impedance  effect  is  significant  and 
the  earth's  curvature  effect  becomes  secondary. 

Irregardless  of  these  and  other  studies,  observations  that  both  the  phase  and  envelope 
became  more  variable  over  irregular  terrain,  and  the  desire  for  a simple  solution  prompted 
Fehlner  and  McCarty  (1974)  to  propose  the  following  relationship: 

D/C  = IF  + A/B (ECD)  . (11) 

This  relation  implied  that  the  secondary  phase  correction  could  be  made  by  merely  multi- 
plying A/B  (constants  to  be  determined)  times  the  measured  ECD  and  algebraically  adding 
this  to  the  speed  of  light  velocity.  They  stated  "Thus,  it  is  apparent  that,  so  long  as 
the  dispersiveness  of  the  medium  is  constant,  the  ratio  of  A to  B is  predicted  to  be  con- 
stant." Their  major  justification  for  this  scheme  was  based  on  the  effect  of  HF  signals 
passing  through  the  ionosphere.  In  this  respect,  there  appears  to  be  no  theoretical 
justification  for  comparing  the  dispersion  of  low  frequency  ground  waves  with  high  fre- 
quency waves  passing  through  the  ionosphere. 

The  Fehlner  and  McCarty  proposed  simplified  relation  assumed  that  the  ECD  was  a pri- 
mary function  of  impedance  over  smooth  homogeneous  terrain  and  not  primarily  a function 
of  distance.  It  also  assumed  that  over  irregular  inhomogeneous  terrain  there  was  a unique 
relation  between  t'  a phase  and  the  envelope. 

The  rigorous  solution  of  equations  (1)  - (6),  as  pointed  out  above,  showed  that  their 
simplifying  assumptions  were  not  true.  In  spite  of  this,  experimental  money  was  spent  in 
an  attempt  to  prove  these  naive  simplifying  assumptions  to  be  true. 

IV.  CONCLUSIONS 

Theory  based  upon  the  solution  of  Maxwell's  equations  is  singularly  unique  in  this 
low  frequency  propagation  field.  Complete  solutions  of  these  theoretical  equations  have 
been  rigorously  derived  mathematically  and  implemented  or  digital  computers.  Therefore, 
there  is  no  longer  reason  for  using  a prediction  model  with  less  sophistication  or  rigor. 

This  author  maintains  that  the  best  use  of  measurements  is  to  validate  and  improve 
the  theoretical  predictions.  A fairly  common  viewpoint  is  that  measurements  alone  are 
the  complete  and  ultimate  test  and  evaluation  of  the  system.  This  viewpoint  may  actually 
prove  harmful  to  the  system  in  that  it  hinders  improvements  and  exaggerates  measurement 
errors.  This  viewpoint  also  limits  the  progress  that  can  be  made  toward  separating  the 
various  sources  of  measurement  errors. 
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DISCUSSION 


H.Soicher,  US  Army  Electronics  Command,  Fort  Monmouth,  NJ  07703,  USA 

(1)  With  LORAN-C  what  accuracy  may  one  expect  in  mountainous  regions? 

(2)  It  seems  that  in  order  to  improve  accuracy  one  must  have  detailed  mapping  of  terrain  and  conductivities  in  the 
very  area  which  includes  tile  transmitter  and  the  receiver.  Is  this  feasible?  Is  it  practical? 

Author’s  Reply 

( 1)  We  feel  that  with  the  proper  values  for  the  input  data,  we  can  predict  to  50  nano-seconds  over  mountainous 
or  smooth  terrain. 

(2)  Yes,  the  detailed  terrain  and  conductivity  information  is  required  and  we  feel  it  is  feasible  and  practical. 
Reference  Burch,  L.B.,  Donerty,  R.H.,  and  Johler,  J.R.,  1976,  LORAN  Calibration  by  Prediction,  Navigation, 
Journal  of  the  Institute  of  Navigation,  Vol.23,  No. 3.  (Fall  Issue) 


T.B.Jones,  Physics  Department,  University  of  Leicester,  UK 

The  LORAN  Calibration  by  prediction  methods  described  by  Mr  Doherty  was  most  interesting.  When  will  this 
method  become  operational  and  be  generally  available? 

Author’s  Reply 

1 cami, A say  when  thfenystefr.  will  tdtrfly  The  wort.  that  we  Were  Aoirig  was  ah.  oy'Vy  terininsrted 

June  14,  1976,  even  though  there  were  no  technical  difficulties  and  th  entire  program  was  well  within  a few  months 

previous  research  work  and  the  entire  idea  of  calibration  by  prediction  originated  with  us. 

We  have  been  isolated  from  any  continuing  work  on  this  technique. 
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ABSTRACT 

The  ultimate  accuracy  to  which  Loran-C  can  be  predicted  is  dependent  firstly  upon 
the  repeatability  of  the  loran  chain  grid  including  the  measuring  equipment  and  secondly 
upon  the  predictability.  Prediction  of  the  signal  propagation  time  to  full  accuracy  over 
land  or  over  seawater  involving  land  masses  in  the  propagation  paths  to  each  of  the 
transmitters  requires  special  considerations.  This  is  true  both  on  the  ground  and  aloft 
in  aircraft.  We  have  found  that  such  propagation  time  may  be  anomalous.  This  means  that 
spatial  perturbations  of  the  signal  propagation  time  will,  without  more  advanced  and 
sophisticated  theory,  limit  the  prediction  accuracy  of  the  loran  coordinates  (time  dif- 
ferences) . This  limitation  arrises  from  the  physical  nature  of  the  ground  and  its  effect 
on  wave  propagation — land  is  non homogeneous  and  irregular.  Thus,  classical  ground  wave 
theory  used  in  the  past,  although  helpful  in  removing  gross  propagation  errors  in  loran, 
laxia  t-o  take  x, itu  acCuaiit  wiVn  ouTlxx;x€;nt.  d^uu-LctCj  Lltula  ubofervabit:  x.n 

modern  loran  receivers.  We  therefore  wish  to  emphasize  that  a more  sophisticated  theory 
is  required  to  fully  exploit  loran  receiver  and  chain  precision. 

Fortunately,  ground  wave  propagation  theory  has  reached  the  state  of  development  such 
that  nonhomogeneous  and  irregular  ground  in  the  propagation  paths  can  be  taken  into  ac- 
count. Previously,  when  great  spatial  perturbations  of  the  order  of  several  microseconds 
were  observed,  we  have  called  the  signal  propagation  anomalous.  It  is  argued  in  this 
paper  that  such  anomalous  propagation  is  a unique  function  of  the  geographic  location  of 
the  propagation  path  and  requires  the  introduction  of  terrain,  soil  and  basement  rock 
electrical  properties  and  features  along  the  propagation  path.  Such  detail  is  readily 
introduced  into  the  modern  solution  of  the  ground  wave  propagation  problem  using  an  inte- 
gral equation  and  modern  advanced  computer  data  handling  capabilities.  We  believe  that 
loran  coordinates  can  be  predicted  from  geographic  coordinates  with  an  accuracy  of  50  ns 
using  such  a technique. 

1.  INTRODUCTION 

The  recent  applications  of  Loran-C  positioning  techniques  over  the  land  areas  of  the 
earth  and  the  concomittant  development  of  xoran  receivers  with  a resolution  of  the  order 
of  nanoseconds  has  led  to  the  identification  of  ground  wave  pulse  propagation  time 
anomalies.  We  have  demonstrated  such  anomalies  theoretically  and  we  have  observed  them 
in  measurements  (JOHLER  and  HOROWITZ,  1975;  DOHERTY,  1975).  These  anomalies  affect  the 
loran  time  difference  coordinates  because  they  are  spatially  dependent  and  appear  as  a 
spatial  perturbation  of  the  secondary  phase  correction,  t , or  the  correction  in  micro- 
seconds of  the  pulse  cycle  propagation  time  relative  to  the  propagation  time  at  the  speed 
of  light,  c. 

A loran  coordinate  or  time  difference  (y)  is  given  in  microseconds  by; 

y = 106  na(ds  - dm)/c  * tc(ds>  - tc(dm>  + cs  , (1) 


where  d and  a are  geodesic  distances  to  a secondary  and  a master  transmitter  respectively, 
and  Cg  ?s  a constant  independent  of  spatial  positions  (latitude,  longitude  and  altitude) 
of  the  loran  receiver.  The  ouantitv.  is  ths  index  of  refraction  of  air  at  the  round 
level,  n = 1.000338.  The  quantity  t or  secondary  phase  correction  (JOHLER,  1956)  is 
the  spaCially  dependent  correction  of  the  pulse  cycle  time.  Thus,  t , is  quite  compli- 
cated but  nevertheless  must  be  considered  in  a forthright  manner  usingpropagation  theory 
if  nanosecond  prediction  accuracy  is  to  be  achieved  for  loran.  Actually  it  is  the  phase 
of  the  rigorous  propagation  function,  W (JOHLER,  1971)  for  the  ground  wave; 


W(O)  = (1  + (-ik/4t ) / W (Q)  exp(-ikr)  [x(Q)  + (ikr.)  1Or,/on)  'J 
S t i 

• rQ(r1r2)_1  dS)  A . (2) 

Here,  A = >5  if  Q is  above  S and  A ■ 1 if  Q is  on  S.  The  quantity  r = r.  + r,  - r«,  where 

rg  is  the  distance  from  the  transmitter  to  the  observer,  0;  r.  is  the  distance  from  the 

transmitter  to  the  scatter  point,  Q,  on  the  integration  surface,  S,  and  r-  is  the  dis- 
tance from  the  scatter  point  Q to  0.  k is  the  wave  number  in  air,  k * 2irn  f/c;  3r,/3n 

is  the  normal  derivative  to  the  surface  at  Q.  Thus,  if  the  surface  is  smooth  and  spheri- 

cal, 3r_/3n  = 0.  x(Q)  is  the  spatially  dependent  complex  impedance  at  a particular  point, 
Q,  normalized  to  the  impedance  of  space,  Zn  = 377  ohms.  Thus,  the  secondary  phase  cor- 
rection, t , in  microseconds,  can  be  found; 


(3) 


tc  = 106  arg  (W  F^/w  , 


where  the  angular  frequency  is  u radians  per  second.  The  function,  F.,  depends  upon  the 
nature  of  the  receiving  antenna  and  represents  the  induction  field  ofxthe  transmitting 
antenna.  Two  types  of  antennas  are  used  with  loran  receivers:  the  "whip"  antenna,  that 

is  sensitive  to  the  vertical  electric,  E , field,  and  the  "loop”  antenna,  that  is  sensi- 
tive to  the  horizontal  magnetic,  H,,  field.  Thus,  we  shall  differentiate  the  factors 
and  F^  respectively.  At  great  distance  from  the  transmitting  antenna,  F^  = 1 and 


F. 

lm 


(ZQ)-1.  Thus, 


Fie  “ { [D-1 (-2  cos6)  + D-3(3aa'  sin26) ] 


+ i[D~2(kaa’  sin26  + 2k"1  cos6)  + D-4(-3aa,k'1  sin26)]}  (ik)'1  (4) 


and 


Fim  = (wouD)_1(ka'  sin6) [1  + (ikD)"1] 


(5) 


where 


a'  = a + h 

D2  = (a ' ) 2 + a2  - 2 aa'  cos0 
6 = d/a  , 

and  where  a is  the  radius  of  a spherical  earth,  and  h is  the  altitude  of  the  observer 
above  the  spherical  earth.  As  the  distance,  d,  to  the  transmitter  becomes  small,  and 
assuming  h = 0,  then  cose  - 1,  sin6  ~ d/a,  and  D ~ d,  then  we  find 

Fie  = 1 + (ikd)"1  + ukd)"2  (6) 

and 

F.  = Z -1  [1  + (ikd)"1]  . (7) 

lm  o 

Here  Z = pc  = 377  ohms,  the  impedance  of  space.  Of  course  one  can  calculate  the  com- 
plete complex  vertical  electric,  E , and  horizontal  magnetic,  H. , fields  guaranteed  by 
Maxwell's  equations:  9 


Er  = Fie  wc  (8) 

and 

H.  = F.  WC  , (9) 

<p  im 

where  C = (4w)-1  Io&  p c and  Z = E /H . The  quantity  Ipfc  has  dimensions  of  ampere-meters 
and  represents  theantenna  current  moment.  The  antenna  is  assumed  to  be  a dipole;  i.e., 
it  has  a uniform  current  distribution  over  its  length.  Non-uniform  current  distributions 
are  a comparatively  simple  extension  of  the  theory  (JOHLER,  1971) . 

In  this  paper  we  use  specialized  solutions  of  equation  (2)  to  demonstrate,  as  a com- 
puter simulated  propagation  mechanism,  various  types  of  anomalous  propagation  of  importance 
to  Loran-C  signal  propagation  time. 


2.  THEORETICAL  CONSIDERATIONS 

The  general  form  of  the  integral  equation  (2)  can  be  made  tractable  and  suitable  for 
computer  programming  by  reduction  of  the  integral  to  a one  dimensional  integration  and 
transforming  the  integral  equation  into  a set  of  algebraic  equations  (JOHLER  and  BERRY, 
1967)  : 


where 


j-i 


W(d..)  = 1 - Bj  l {pk  W(dt) [Fx (dj .d^ ) xfd^)  + F2 (d^ ,dt) ] } 


- BjP j Wtdj) [Fjtdj.dj)  x(d.)  + F2(dj,d.)]  , 

Bj,i  ” (k/<1,),S  exp(iir/4)  , 


(10) 


(11) 
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F1  = “ dj)])*5  exp(-ikr) 


(12) 


F2  = [1  + (ikr2)-1]  Fx 


(13) 


The  quantity  p.  is  the  Gaussian  weight  used  in  the  quadrature.  The  distances  d.  and  d. 
are  geodesic  distances  along  a radial  from  the  transmitter.  It  is  clear  that  tne  solu- 
tion (10)  is  the  set  of  points  that  represents  the  field  along  d . . The  terrain  and  ground 
impedance  data  enter  equation  (10)  through  3r,/3n  and  x respectively.  For  convenience 
in  the  numerical  procedure,  the  solution  can  Be  obtained  by  projecting  the  integration 
surface  into  a plane  containing  the  distance 

The  calculation  of  x(d.  .)  should  be  obtained  from  comparatively  rigorous  solutions 
of  the  boundary  conditions  ■*«  at  the  surface  of  the  ground.  Thus,  some  account  should 
be  taken  of  sjil  conductivity  and  thickness,  bedrock  conductivity  and  water  table  level, 
if  such  data  are  available  for  the  particular  land  area  under  consideration.  Solutions 
of  this  type  are  well  documented  in  the  literature  and  the  following  formula  was  obtained 
from  JOHLER  and  HARPER  (1962)  as  specialized  to  a three  layer  model  boundary  condition: 

x (d . .)  = Z/Z„  = [(1  - T) / (1  + T)  ] cos  $ , (14) 

where  Z is  defined  in  a cartesian  u,v,w  coordinate  system  as. 


2 = VHu  ' 


(15) 


and  at  the  surface  of  which  the  impedance  is  calculated  in  the  u-v  plane.  The  angle  of 
incidence  of  the  wave,  <j>,  may  be  complex  or  real,  but  is  not  critical.  In  fact,  Z is  al- 
most independent  of  $.  The  quantity  T is  calculated  from  the  boundary  conditions. 
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where  a1Q  - a^  -cos  <H  a2Q  - al2  = a13  = -a21  aJ4  - a35  -a5g  = -1}  a23  = -a22  = 
sin  + 632;  a32  ■ exp(-ik  w^)  ; a33  = exp(ik  w^)  ; a<2  = a22  a32;  a<3  = a23  a33; 

a44  = sin2  <t,/(52  + {22'’  a^5  = -a44'  a54  “ exp(-ik  w2&2);  a55  =^exp(ik  w^)  ; ag4  = a44  a54? 
a,.  * a._  ac_;  a,,  = sin'1  $/6,  + 6,  ; 6 = e -ia  (e  u>)  sin  <j> , v;here  q = 1,  2,  3,  re- 
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fers  to  the  three  layer  model  of  the  ground  starting  with  the  top  layer.  The  dielectric 
constant  of  each  layer  is  e , and  a is  the  conductivity  in  mhos/m  of  the  q-th  layer. 

The  thickness  of  each  layer^in  meters  is  given  by  w . The  solution  of  equation  (16)  is 
straightforward  algebra  and  it  obviously  can  be  extended  to  any  number  of  layers  if  the 
geological  and  soil  data  for  such  stratification  becomes  available.  The  reduction  of  the 
multilayer  matrix  problem  has  been  discussed  by  Johler  (1967)  and  it  is  quite  tractable 
on  computers.  Thus,  for  purposes  of  this  paper,  we  identify  the  top  layer  of  soil  with 
q = 1.  The  second  layer  is  then  q = 2.  Finally,  the  bedrock  is  identified  as  q = 3. 


We  shall  introduce,  for  purposes  of  demonstrating  anomalous  propagation,  a distortion 
of  the  smooth  spherical  ground  in  the  form  of  a mathematical  hill: 


f <dj , t)  = H exPt-9<dj,f  " dm>2/b2l  • (17) 

This  is  a ridge  of  maximum  height,  H,  and  a width,  b,  on  each  side  of  the  hill  crest  em- 
placed at  a distance,  d^,  from  the  transmitter. 

3 . PROPAGATION  ANOMALIES 

We  shall  now  consider  a smooth,  homogeneous  propagation  path  and  compare  it  with  a 
similar  propagation  path  in  which  the  ground  has  become  nonhomogeneous  and  an  irregularity 
in  the  form  of  a Gaussian  hill  given  by  equation  (17).  The  maximum  height,  H,  is  1 km, 
and  the  width,  b,  is  8 km  on  each  side  of  the  crest  that  has  been  emplaced  at  a distance, 
d , equal  to  100  km  from  the  transmitter.  As  some  additional  physical  realism  for  the 


anomaly,  we  shall  introduce  a coast  line  at  125  km  such  that  the  ground  conductivity 
changes  from  land,  a = 0.005  mhos/m,  to  seawater,  a * 5 mhos/m.  The  resultant  secondary 
phase  correction  for  smooth,  homogeneous  land  and  irregular,  nonhomogeneous  ground  is  de- 
picted in  figure  1.  The  receiver  is  assumed  to  be  located  on  the  surface  of  the  ground. 
The  propagation  time  relative  to  the  propagation  time  at  the  speed  of  light  is  shown  in 
microseconds  as  a function  of  distance  from  the  transmitter.  The  curve  that  increases 
monotonically  with  distance  represents  the  smooth,  homogeneous  case.  It  is  clear  that 
the  ground  anomaly  that  we  have  simulated  on  the  computer  with  the  theory  of  electromag- 
netic wave  propagation  not  only  produces  a disturbance  of  the  phase  in  the  immediate 
vicinity  of  the  irregularity  in  the  ground,  but  also  at  distances  greater  than  75  km  at 
sea!  Since  the  total  phase  at  100  km  is  approximately  210  radians  or  334  ps,  the  per- 
turbation of  the  secondary  phase  correction  depicted  in  figure  1 is  0.3  percent  of  the 
total  phase.  However,  such  anomalous  phase  perturbations  are  significant  if  nanosecond 
predictability  and  calibration  accuracy  as  proposed  by  BURCH,  DOHERTY,  and  JOHLER  (1976) 
is  to  be  accomplished.  Thus,  to  correct  the  loran  signal  propagation  time  to  the  speed 
of  light  with  nanosecond  precision,  it  is  necessary  to  introduce  soil  and  geological 
structure  together  with  terrain  along  each  propagation  path  involved  in  the  generation  of 
loran  coordinates.  This  means  that  we  must  introduce  soil  conductivity,  thickness,  and 
the  terrain  elevations  into  the  electromagnetic  wave  propagation  simulator  to  get  a unique 
propagation  time  for  each  propagation  path. 


Figure  l.  Secondary  phase  correction  ae  a function  of  distance  from  the  transmitter 

depicting  the  effect  of  a kill  at  100  km  and  a seawater  expanse  at  distances 
greater  than  125  km.  Also  given  is  the  secondary  phase  correction  over 
smooth  homogeneous  land. 


If  one  employs  aircraft  outfitted  with  loran  receivers,  the  three  dimensional  nature 
of  the  problem  is  depicted  in  figure  2.  Here  we  have  assumed  the  ground  to  be  homogeneous 
with  an  impedance  of  0.03336  exp(i0.7756)  corresponding  to  a conductivity  of  0.005  mhos/m, 
assuming  homogeneous  or  nonstratif ied  ground.  The  altitude  of  the  aircraft,  h,  is  assumed 
to  be  0.3  and  10  km.  A hill  is  introduced  at  85  km  distance  from  the  transmitter  with  a 
maximum  height,  H,  of  0,  0.5,  and  1 km.  The  width,  b,  is  assumed  to  be  8 km  each  side  of 
the  crest  emplaced  at  d . We  have  assumed  vertical  electric  polarization  sensitivity  of 
the  receiving  antenna  and  hence  the  induction  field  given  by  equation  (4)  is  evident  at 
short  distances  from  the  transmitter.  More  important,  the  secondary  phase  correction 
manifests  the  influence  of  the  induction  field  to  even  greater  distance  as  the  aircraft 
altitude  is  increased.  Thus,  at  10  km  altitude,  the  induction  field  is  important  to  dis- 
tances as  great  as  100  km,  if  nanosecond  precision  is  a requirement  for  loran  navigation. 
This  also  means  that  we  must  apply  a different  secondary  phase  correction  to  a receiver 
with  a loop  antenna  as  compared  with  a receiver  with  a vertical  whip  antenna  at  distances 

as  great  as  100  km  and  altitudes  of  10  km. 

The  effect  of  the  0.5  km  hill  and  tha  1 km  hill  also  propagates  to  the  aircraft  alti- 

tudes of  3 and  10  km  in  significant  amounts.  In  fact  the  perturbation  becomes  decorrelated 
with  the  preoire  anomaly  (hill)  on  the  ground  as  the  altitude  is  increased.  Thus,  to  ob- 
tain nanosecond  prediction  accuracy,  it  is  necessary  to  take  account  of  the  ground 
anomalies  irregardless  of  the  aircraft  altitude. 


h»10  km 
H-0 
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Figure  2.  Illustrating  the  effect  on  the  secondary  phase  correction  of  a hill  in  the  propagation 
path  of  maximum  height , H,  equal  to  0 , 0.5 , and  l km  at  85  km  from  the  transmitter  and 
a width  of  8 km  each  side  of  the  crest.  The  ground  is  homogeneous  with  a conductivity 
of  0.005  mhos/m.  The  effect  of  the  induction  field  at  shorter  distance  is  also  shown. 

In  figure  3,  the  same  ground  irregularity  as  figure  2 has  been  employed,  but  the 
additional  complication  of  a coast  line  has  been  introduced.  Thus,  at  distances  greater 
than  100  km,  we  have  introduced  seawater.  Furthermore,  we  have  introduced  some  geologi- 
cal structure  into  the  region  of  the  hill  between  75  and  100  km.  The  impedance,  x,  given 
by  equation  (14)  has  been  introduced  as  an  inhomogeneity  in  the  form  of  a three  layer 
model.  The  soil  thickness  is  assumed  to  be  20  m and  is  composed  of  two  layers  each  10  m 
in  thickness  with  a soil  conductivity  of  0.001  mhos/m  for  the  top  layer  and  0.005  mhos/m 
for  the  second  layer.  The  geological  basement  rock  is  assumed  to  be  poorly  conducting, 
with  a value  of  0.00001  mhos/m.  This  results  in  an  impedance  at  the  surface  of  the 
ground  of  0.04590  exp(i0. 54242) . The  resultant  spatial  perturbation  propagates  to  alti- 
tudes of  10  km  or  greater  and  to  distances  at  sea  greater  than  several  hundred  kilometers. 
Thus,  if  we  wish  to  calibrate  and  predict  our  navigation  system  with  nanosecond  preci- 
sion, we  must  introduce  the  technology  of  propagation  over  nonhomogeneous  irregular 
ground  described  in  this  paper  and  in  the  papers  of  JOHLER  and  HOROWITZ  (1975) , DOHERTY 
(1975),  and  BURCH,  DOHERTY,  and  JOHLER  (1976),  where  we  have  given  great  detail  for 
implementation  of  this  concept  on  a wide  geographical  basis. 

In  figure  4 an  anomaly  inducing  patch  of  ground  is  imbedded  in  an  average  smooth 
spherical  ground  of  a » 0.005  mhos.'m  conductivity.  The  ground  anomaly  could  be  a poorly 
conducting  granite  rock  protruding  a maximum  of  500  m above  the  countryside  and  extending 
over  the  distance  shown.  The  classical  change  in  phase  with  altitude  near  150  km  is  de- 
picted as  a small  phase  advance  followed  by  a phase  retardation  at  altitudes  above  2500 
m.  The  phase-altitude  signature  is  traced  at  2 km  intervals  through  the  perturbation 
caused  by  the  anomaly.  Notice  that  the  phase  advance  relative  to  the  surface  value 
increases  until  the  altitude-phase  signature  shows  a great  advance  followed  by  a retarda- 
tion. Finally,  long  after  the  cause  of  the  anomalous  propagation  is  past,  the  phase 
change  with  altitude  (at  200  km)  comprises  a large  phase  advance  followed  by  a small 
phase  retardation  with  altitude--the  opposite  of  the  signature  exhibited  before  the  wave 
passed  the  anomaly.  Thus,  there  is  a certain  permanent  effect  on  the  propagated  wave  at 
great  distances  from  the  cause  of  the  perturbation. 
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Figure  3.  Illustrating  a hill  if  feat  similar  to  figure  8,  with  a conductivity  of  sea  water  or 
5 mhos/m  at  distances  greater  than  100  km.  The  ground  impedance  of  the  hill , 
x * 0.04590  expd.  54242),  corresponds  to  a three  layer  model  with  two  top  layers  10  m 
each  in  thickness  and  three  conductivities,  a ^ = 0.001,  Og  * 0.005,  * 0.00001. 
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Figure  4.  Phase  correction  perturbation  caused  by  an  anomaly  inducing  patah  of  ground 
imbedded  in  an  average  smooth  spherical  ground  of  0.005  mhos/m  conductivity. 
The  height-gain  or  altitude  effect  curve  is  traced  through  perturbations  in 
-1"  phase  caused  by  an  anomaly  centered  about  d « ISO  km. 


4. 


CONCLUSIONS 


It  is  concluded  from  the  rigorous  theory  of  propagation  and  from  measurement  that 
anomalous  propagation  not  only  exists,  but  is  important  to  loran  operation  on  ground  wave 
if  nanosecond  precision  is  to  be  obtained  in  the  use  of  Loran-C  for  navigation.  It  is 
further  concluded  that  such  propagation  anomalies  are  significant  not  only  cn  the  ground 
in  the  immediate  vicinity  of  the  anomaly,  but  also  aloft  and  at  great  distance  from  the 
anomaly.  It  is  also  concluded  that  the  type  of  antenna  used  by  aircraft  navigating  on 
loran  must  be  considered  as  to  its  effect  on  the  secondary  phase  correction  at  shorter 
distance  from  the  transmitter.  It  is  aiso  noted  that  the  type  of  antenna  is  significant 
to  even  greater  distance  as  the  altitude  of  the  aircraft  is  increased. 

It  has  also  been  demonstrated  that  the  perturbations  from  a localized  anomaly  may 
propagate  to  great  distances  from  tile  anomaly  producing  a permanent  change  in  the  ground 
wave  propagation  phase  with  distance.  This  manifests  itself  in  the  secondary  phase  cor-  ^ 

rection  employed  in  loran  to  correct  the  signal  propagation  time  to  the  speed  of  light 
and  it  is  quite  predictable. 
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DISCUSSION 
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What  validation  of  the  computer  studies  exists? 

Author’s  reply 
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Pulse  Ground  Wave  Propagation  Measurements,  AGARD-CP-144  (The  Hague,  Netherlands,  March  1974)  which  has 
reported  validation  of  the  technique.  This  work  comprises  our  initial  and  very  limited  validation  of  the  general 
concept  given  in  the  Paper:  Burch,  Z.B.,  Doherty,  R.H.,  and  Johler,  J.R.,  1 976,  LORAN  Calibration  by  Prediction, 
Navigation,  Journal  of  the  Institute  of  Navigation  23,  No. 3 (Fall  Issue). 
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H.J. Albrecht,  FGAN 

Commenting  on  the  predominance  of  tropospheric  refractive  index  or  of  other  effects  upon  LF  propagation,  such  as 
electrical  ground  parameters,  attention  is  drawn  to  the  fact  that  the  changes  of  the  refractive  index  gradient  and  its 
extreme  conditions  can  only  be  analyzed  with  difficulty  for  the  accuracies  required  for  standard  transmissions.  In 
this  respect,  information  given  with  so-called  weather-map  accuracy  may  not  be  adequate  unless  it  can  be  supple- 
mented using  data  gathered  by  balloon-borne  refractometers  or,  at  least,  radiosonde  measurements  of  refractive  index 
elements,  throughout  the  relevant  altitude  region  and  along  the  propagation  path  of  interest.  Such  more  precise  data 
bhuaU  : 5 ho  1 jt  • -»-Jl  lair  i. 
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SUMMARY 


Radio  navigation  using  LF  ground  wave  propagation  has  new  been  a successful  endeavour  throughout 
the  world  in  the  form  of  the  Loran  C/D  system.  The  use  of  ground  wave  to  the  exclusion  of  the  skywave 
to  distances  of  thousands  of  kilometers  permits  orders  of  magnitude  greater  navigation  accuracy  than  is 
possible  with  ordinary  radio  systems.  As  both  military  and  civilian  requirements  for  even  greater  navi- 
gation precision  are  set  forth,  it  becomes  appropriate  to  Inquire  about  the  ultimate  accuracy  and  pre- 
cision Imposed  by  nature  on  such  a navigation  system.  With  the  current  Improved  Loran  C/D  receiver 
instrumentation,  the  error  due  to  the  pulse  propagation  through  the  medium  is  emerging  as  one  of  great 
importance.  The  need  to  understand  and  reduce  these  propagation  errors  to  the  minimum  is  becoming 
Increasingly  Important,  j.Tius,  the  prediction  accuracy  of  Lhe  system  depends  on  the  knowledge  of  the 
propagation  characteristics  of  the  medium. 

The  time  of  arrival  of  a loran  pulse  depends  on  the  electrical  properties  of  the  narth's  surface 
over  which  these  signals  propagate.  These  electrical  properties  include  the  impedanca  or  conductivity  of 
the  ground,  the  roughness  or  terrain  variations  of  the  surface,  the  refractive  index  of  the  s "monphere  at 
the  surface,  and  the  lapse  rate  or  rate  of  change  of  refractive  index  with  altitude  above  the  surface. 
Spatial  variations  of  the  transmitted  loran  signal  are  primarily  influenced  by  the  nonhomogeneous  surface 
Impedance  and  by  variations  in  the  terrain.  Temporal  effects  may  be  produced  by  time  changes  on  these 
spatial  features  but  are  more  easily  Influenced  by  the  surface  refractive  index  and  the  lapse  rate  of  the 
refractive  index  of  the  earth's  atmosphere,  which  are  known  to  change  dlurnally  and  with  changing 
weather  conditions. 

Loran  groundwa/e  time  of  arrival  calculations  have  been  made  in  the  presence  of  Irregular  and  non- 
homogeneous  ground.  Tha  irregularities  are  represented  by  elevation  data  as  a function  of  range  from  the 
ground  transmitters  to  the  receiver.  The  conductivity  along  this  path  transformed  into  a surface  impe- 
dance accounts  for  the  nonhomogeneities  as  seen  by  the  propagating  loran  pulse.  This  paper  describes  the 
results  of  such  calculations.  The  ultimate  limitation  in  the  reduction  of  tha  propagation  error  as  a 
function  of  quality  of  data  for  different  types  of  land  paths  wil.1  be  illustrated. 

1.  INTRODUCTION 

A computer  program  package  for  predictions  of  Loran  C/D  grid  time  difference  coordinates  over 
land  or  in  the  vicinity  of  land  masses  is  under  development.  The  basic  technique  has  been  descrlbad  by 
Johler  (1971)  and  Johler  and  Horowitz  (1974)  for  predicting  the  hyperbolic  Loran  time  difference  reading. 
This  time  difference  measured  at  a fixed  receiver  is  expressed  at: 

TO  - | dg  + tc(d8)  + ED  - 5 d.  + tc(dB) 


where  n “ atmospheric  index  of  refraction  ■ 1.000338. 

c ■ velocity  of  light  ■ 2.997925  x 108  meters/second. 

df  ■ length  of  geodetic  path  from  slave  transmitter  to  receiver. 

dm  ■ length  of  geodetic  path  from  master  transmitter  to  receiver, 

tc  “ time  correction  or  secondary  phase  factor  'for  propagation  over  a given  path  length. 

ED  • •mission  delay  in  microseconds . 

Tha  distance  from  tha  transmitter  to  tha  receiver  can  ba  easily  calculated  with  an  accuracy 
depending  on  tha  precision  of  the  given  latitude  and  longitude  of  thasa  stations.  From  this,  tha  free 
space  or  primary  wave  delay  can  ba  calculated  with  great  accuracy.  Emission  delays  to  remove  line 
ambiguities  are  sat  experimentally  for  a fixed  time  d if  1 trance  reading  at  tha  ground  area  monitor 
receiver.  These  can  ba  calibrated  to  + 10  nanoseconds. 


The  time  correction  for  propagation  over  a path  length,  tc,  expressed  In  microseconds,  accounts 
for  the  disturbing  Influence  of  the  earth.  Depending  on  the  electrical  properties  of  the  earth,  tc  can 
have  values  of  up  to  10  microseconds  at  500  km  and  thus  becomes  the  largest  contributor  to  the  grid  pre- 
diction tn  n.  i/e-lgei  sm  the  veit  aIa’.Wc*  A lie*  toE5ettl*t  bet  tt  enlmticm  <A 

signal  propagation  velocity  from  uniform  speed  that  occurs  In  free  spaca  Is  of  primary  Importance  In 
determining  the  accuracy  of  Loren  grid  predictions, 

2.  GROUND  ELECTRICAL  CHARACTERISTICS 

The  electrical  propertlas  of  the  ground  that  effect  the  propagation  of  thasa  100  kHz  pulses  are 
cerrain  elevation,  comiuttii/uy,  dielectric  constant  ana  reiadve  permeaonicy . The  terrain  elevation 
data  Is  derived  from  topographic  maps  which  are  digitized  and  stored  In  the  form  of  a large  matrix,  A 
similar  matrix  is  generated  for  the  soil  and  bedrock  characteristics.  For  practical  purposes  and  avail* 
ability  of  data,  this  matrix  has  been  Initially  designed  for  a 30-second  arc  grid  or  a 0.5  nautical  mile 
spacing  of  data  points.  The  optimum  grid  increment  Is  still  to  be  selected.  For  Loran  C/D  frequencies, 
an  average  dielectric  value  of  15  over  land  and  80  over  seawater  is  assumed.  The  relative  permeability 
can  normally  be  regraded  as  unity.  The  integral  equation  for  calculation  of  the  secondary  phase  or  time 
correction  factor  requires  an  Input  of  the  surface  Impedance  and  terrain  elevation.  The  effective  value 
of  ground  impedance  Is  determined  not  only  by  the  nature  and  depth  of  the  soil  but  also  Its  moisture 
content,  geological  structure,  depth  of  wave  penetration,  temperature  and  frequency.  Therefore,  a three 
’ay**  been  i i-cpose'*  wlt-h  a ler«r  ca’S«H  tb»  imaa*-*  a*-*i  »«41,  a laysi  -1  a. 

saturated  soil  and  an  underlying  strata  of  bedrock  to  determine  the  local  surface  Impedance  from  Johler 

Temporal  fluctuations  have  also  been  found  to  be  significant  by  Doherty  (1974).  Both  temperature 
and  seasonal  effects  appear  to  be  present  In  most  recorded  Loran  data,  but  the  magnitudes  of  the  varia- 
tions are  highly  dependent  on  the  location  of  the  receiver.  At  present,  there  is  no  generally  accepted 
model  which  accurately  predicts  Loran  temporal  variations  and  none  of  the  existing  grid  prediction  pro- 
grams Include  temporal  modelling.  Loran  monitor  stations  control  the  temporal  drifts  by  varying  the 
emission  delays  resulting  in  relatively  stable  time  differences  only  in  the  area  of  the  monitor.  To 
Implement  weather  effects  into  the  grid  prediction  algorithm  would  require  an  extensive  meteorological 
capability. 

3.  TIME  CORRECTION  CALCULATIONS 

a.  Soil 

Tables  1 and  2 are  derived  from  calculations  of  ground  Impedance  for  representative  ground 
saturated  and  unsaturated  soils  with  a bedrock  conductivity  of  0.005  and  0.00001  mhos  per  meter  respect- 
ively. The  effect  on  the  complex  Impedance  of  varying  the  unsaturated  soil  in  conductivity  and  depth 
are  illustrated.  The  conductivity  of  the  top  layer  Is  varied  from  5 to  0.0001  mhos  per  meter  and  the 
soil  depth  Is  varied  from  zero  to  20  meters.  The  conductivity  of  the  second  layer  Is  fixed  at  0.005 
• mur.  The  ampiuude  X tvt  leqeca  ,-r  * antet^LCt  a Ucgt  aa  tifo  eepU  A tta  *«  anil 

increases  and  the  conductivity  decreases.  This  Is  due  to  the  increase  wava  penetration  depth  as  the 
conductivity  is  decreased.  Over  land  thera  is  a ten-to-one  (from  .02  to  .2)  variation  In  lmpadanca 
amplitude  In  going  from  good  to  poor  soil.  Tables  3 and  4 Illustrate  the  corresponding  phase  changes  of 
the  complex  Impedance. 

Figure  1 shows  the  resulting  change  In  the  secondary  phase  factor  for  a variation  of  the  ground 
Impedance.  A soil  conductivity  rf  0.005  mhos/metars  translates  from  tha  above  tables  Into  an  Impedance 
with  an  amplitude  of  0.03335  and  a phase  of  0.77651  radians.  The  calculated  time  correction  factor  for  a 
180  kilometer  path  Is  Indicated  by  curve  A.  If  the  conductivity  along  the  path  Is  altered,  that  Is 
reduced  by  a factor  of  10  or  to  0.0005  mhos  per  meter  with  a corresponding  amplitude  and  phasa  of  0.04864 
and  1.02041  midway  along  the  path,  the  secondary  phasa  factor  Is  shown  by  curva  C.  Increasing  the  con- 
ductivity by  10  to  0.05  mhos  per  mttar  results  In  a time  correction  of  250  nanoseconds.  Calculations  of 
secondary  phase  factor  over  a typical  ground  path  ara  shown  In  Flgura  2.  Over  a 200  km  path  changas  In 
ground  conductivity  of  30  and  60  percent  will  require  time  corrections  of  60  and  100  nanoseconds 
respectively.  Unfortunately,  conductivity  Is  usually  known  to  within  a factor  graatar  than  thraa  and 
therefore  tins  of  arrival  (T0A)  measurements  will  have  large  differences  from  the  computed  TQA.  To 
reduce  these  errors,  more  accurate  data  on  ground  conductivity  is  required  and  techniques  developed  to 
refine  predictions  as  measured  time  difference  values  at  known  geographic  locations  become  available. 
Figure  3 Illustrates  (the  conversion  of  soil  and  rock  data  Into  surface  impedance.  Current  effort  is  on 
the  modification  and  updating  of  the  look  up  table. 

b.  Terrain  Elevation 


The  model  chosen  to  determine  tha  affect  of  an  elevation  perturbation  on  the  secondary  phase 
factor  la  ground  with  a soil  conductivity  of  0.005  mhos  per  meter  as  In  the  case  above.  A hill  with  a 
oa.e  ot  n,  u i>  plactt  at  90  km  m the  u pmvu  end  the  height  et  the  hiU  la  tncteewA  liom  151 
meters  to  500  meters.  The  results  of  tha  calculation  ara  shown  In  Flgura  4.  In  tha  vicinity  of  the 
hill,  a perturbation  from  smooth  aarth  Is  encountsred  even  for  hills  as  small  as  250  meters.  After  pas- 
sing the  hill  and  continuing  on  tha  gaodatic  path,  tha  secondary  phaea  factor  attempts  to  recover  to  the 
smooth  vaiue.  At  s distance  ot  loo  ion  from  tna  hill,  the  difference  between  the  two  curves  IS  negli- 
gible. A 500  meter  hill  produces  a much  larger  secondary  phase  factor  perturbation  In  tha  area  of  tha 
hill  and  at  a distance  of  100  ka  from  tha  hill,  tha  tint  correction  la  25  nanoaeconda  above  the  prevloue 
ee.xot.tr  sal  wi,  tign  1 llliettsne  <hs  eeUtUt  el  ■ i mSl  r j (ls>>e  Astir  ter  *e  IStMBjlB— B (nai- 
ler peth.  At  e distea.cn  of  130  ka  the  contribution  of  e 1.5  ka  perturbetion  In  terreln,  will  produce  e 
100  nenosecond  deley. 
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c.  Calculation; 


Utilizing  the  techniques  described  in  Johler  and  Horowitz  (1974),  and  available  naps  to  detar- 
nine  elevation,  soil  type,  soil  depth  and  subsurface  rock  structure  over  a Loren -covered  area,  time 
different**  have  beer,  without  th*  alt  *t  wusrel  iIm  flKcteivei  u k.'«t  rnctdl- 

nates.  The  mean  discrepancy  between  the  calculated  and  measured  Loran  time  difference  for  ground 
geographic  coordinates  Is  between  250  and  300  nanoseconds.  This  figure  appears  larga  especially  when  one 
considers  that  in  a time  difference  system  like  Loran,  if  there  is  a correlation  between  the  ground  con- 
ductivity in  the  two  paths,  there  will  be  a cancellation  in  the  error  contributed  by  each  TQA  resulting 
in  an  improved  time  difference  reading.  The  large  discrepancy  only  emphasises  the  need  for  nore  accurate 
data  on  ground  conductivity  if  50  to  100  nanosecond  prediction  accuracy  is  to  be  obtained. 

4.  CONCLUSIONS 

A go*i  at  50  nanus  enema  prediction  along  each  Lorn  propagation  path  has  “been  ttfeonanOsA  as 
feasible  by  the  Institute  for  Taleconmunications  Services  (1975).  In  order  to  achieve  accuracy,  avail- 
able ground  conductivity  data  must  be  improved.  Elkins  (1976)  is  developing  a technique  to  update  the 
ground  conductivities  as  measured  time  difference  data  at  known  locations  become  available. 

In  the  area  of  hills  of  250  meters  or  greater  in  elevation,  the  secondary  phase  factor  undergoes  a 
significant  f luctuat ion.  At  large  distances  from  the  hill  the  effect  becomes  negligible  for  terrain  per- 
turbations of  250  meters  or  less.  However , for  larger  terreln  perturbations,  the  effects  are  significant 
1 gteti  gauges  W Uiete'vn  ail  lenal  vwH.el-l vra  emet  be  Ai AT.  the  -eeonfrer}  phase  Aetna*  cal- 
culation. Fortunately,  much  of  this  data  is  accurata  and  not  too  difficult  to  obtain. 

It  is  also  recoexaended  that  some  form  of  temporal-compensation  ba  Included  In  the  modelling 
algorithm  for  the  Loran  grid  prediction  computer  program  to  increase  its  accuracy. 

A tool  now  exists  where  the  Loran  C/D  prediction  accuracy  dependence  on  the  variation  of  ground 
electrical  properties  can  be  studied  in  great  detail.  It  is  planned  to  exploit  this  technique  by  a 
series  of  calculations  so  that  the  detail  propagation  limitations  of  this  system  cen  ba  determined. 
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TABLES 

1.  Variation  of  ground  Impedance  amplitude  for  a three  layei  modal  with  a variable  depth  and 
conductivity  for  the  top  unsaturated  soli  and  a constant  conductivity  for  the  saturated  (.005  mhos/meter) 
layer  and  bedrock  (.005  mhos/meter). 

2.  Variation  of  ground  impedance  amplitude  for  a three  layer  modal  with  a variable  depth  and 
conductivity  for  the  top  unsaturated  soil  and  a constant  conductivity  for  the  saturated  ( 905  mhos/metar) 
layer  and  bedrock  (.00001  mhos/meter), 

3.  Variation  of  ground  Impedance  phase  for  a three  layer  modal  with  a variable  depth  and  conduc- 
tivity for  the  top  unsaturated  soil  a no  a constant  conductivity  for  the  saturatad  (.005  mhos/meter) 
layer  and  bedrock  (.005  mhos/meter). 

4.  Variation  of  ground  Impedance  phase  for  a three  layer  model  with  a variable  depth  and  conduc- 
tivity for  the  top  unsaturated  soil  and  a constant  conductivity  fcr  the  saturated  (.005  mhos/metar) 
layar  and  bedrock  (.00001  mhos/meter). 


FIGURES 

1.  Effect  of  change  In  ground  conductivity  at  75  km  from  uniform  0.005  (A)  to  0.05  (B)  and 
0.0005  (C)  mhos/meter  on  secondary  phasa  factor, 

2.  Change  In  secondary  phase  factor  from  ambient  path  (A)  for  a 301  (B)  and  601  (C)  Increase  In 
ground  conductivity. 

3.  Data  base  of  ground  electrical  properties. 

4.  Effect  of  changa  In  tarraln  elevation  from  smooth  aarth  (A)  to  250  metar  hill  (B)  and  500 
metar  hill  (C)  on  secondary  phase  factor.  Conductivity  Is  assumed  at  0.005  mhos/meter  over  path. 

5.  Variation  of  secondary  phasa  factor  for  an  Inhomogeneous  irregular  path. 


TABLE 
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Variation  of  Ground  Impedance  Amplitude  for  a Three  Layer  Model  with  a Variable  Depth  and  Conductivity 
for  the  Top  Unsaturaied  Soil  and  a Constant  Conductivity  for  the  Saturated  (.005  mhos/meter)  Layer 

and  Bedrock  (.005  mhos/meter) 


CROUND  I MPEOAflCc 
rRE  OUENCY  - HO.  KILOMERTZ 
ANULE  UE  INLlUtNCE  = SO.  DEGREES 
TOTAL  SOIL  CEPTH  = 20.  NETERS 

electrical  CONSTANTS 


UNSATURATEO  SOIL 

SATURATEO  SOIL 

b:orock 

CONOUCTlvr'Y  (MHOS/ME  TERI 

* VARIABLE 

•30500 

. 00  530 

OIELECTRIC  CONSTANT  * 

15. 

15. 

15. 

(StAMATER  — e..  IS  USED! 

MAGNETIC  PERMEABILITY  = 

1. 

1. 

1. 

- - - AMPLITU0E  - OHMS  RELATIVE  TO  FREE  SPACE  -(372  OHMS)  - - - 


UNSATURATED  SATURATE0 


SOIL  OEPTH 

SOIL  OEPTM 

---UNSATURATEO  SOIL  C0N0UCTIVITY  (MHOS/ HETER) - — 

hE.'ERS 

METERS 

•C1000 

.03500  .00203  .00103  .00153  .C0C2C 

•00310 

0.000 

20.000 

•03335 

.03335 

.03335 

.03335 

•03335 

.03335 

.03335 

.230 

19.  S33 

■C33C6 

.03335 

.03353 

*03360 

•03363 

.03365 

• C 3365 

.400 

19.630 

.03276 

.03335 

.03372 

.033S4 

• 03390 

.03394 

.33395 

.603 

19.  4 0 C 

.33247 

•03335 

•03390 

. C 3 4j  S 

.03410 

.33424 

•03425 

.830 

19.200 

• 03210 

•03335 

.03400 

.03433 

. 03446 

.33454 

.03455 

1.300 

19.000 

.G319C 

•03335 

•33426 

.33458 

.03474 
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1.230 

IS. 600 

.03162 

•03335 

•33445 

• 034S3 

. 03502 

•03514 

.03616 
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IS.  600 

•03135 

.33335 

.03 463 

•03500 

.C353Q 

• C 3544 
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1.600 

10.400 

.03130 

.03335 

. 03  402 

• 33533 

.03559 
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.03070 

1 « SO  0 

IS. 200 

.03001 

•03335 

. 035C1 

.03558 

. 03558 

3 bO  6 

.03*09 

2.00C 

10. COO 

« 03  j56 

•03335 

.03519 

* 

• 33617 

•03637 

.03641 

4.000 

16.000 

•02026 

• C3335 

.03737 

• 03  84  3 

• 03914 

.03957 

• C 3965 

6.003 

14.030 

.02649 

.03335 

.03096 

•C411C 

.04223 

.04292 

.34303 

0.300 

12. 03C 

•02*10 

.03335 

. O4C0O 

• 04300 

.04541 

■ C 4 63  7 

• C4653 

13.000 

10.300 
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•03335 

.04250 
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. 04864 
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12. 000 
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.03335 
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• C 5352 
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14. 00  C 
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.03335 
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16.000 

4.000 
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.03335 
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IS. 000 

2.000 

•02304 

•03335 

•04S60 

•05693 

.06175 

•06466 

•06520 

20. 000 

.000 

.02305 

.03335 

.04977 

. 05933 

•06501 

• C6845 

.06911 

TABLE  2 

Variation  of  Ground  Impedance  Amplitude  for  a Three  Layer  Model  with  a Variable  Depth  and  Conductivity 
for  the  Top  Unsaturated  Soil  and  a Constant  Conductivity  for  the  Saturated  (.005  mhos/meter)  Layer 

and  Bedrock  (.00001  mhos/meter) 


CR0UN0  IMPE0ANCE 
FREQUENCY  = HO.  KILOHERTZ 
ANCLE  Of  INCIOENCE  > SO.  0ECREES 
T0TAI  S£IL  0E PTH  « 2C.  METERS 

ELECTRICAL  CONSTANTS 
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10.000 
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14.003 
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.02277 
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20. 000 

.000 
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TABLE  3 


Variation  of  Ground  Impedance  Phase  for  a Three  Layer  Model  with  a Variable  Depth  and  Conductivity  for 
the  Top  Unsaturated  Soil  and  a Constant  Conductivity  for  the  Saturated  (.005  mhos/meter)  Layer  and 

Bedrock  (.005  mhos/meter) 
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Variation  of  Ground  In  pedance  Phase  for  a Three  Layer  Model  with  a Variable  Depth  and  Conductivity  for 
the  Top  Unsaturated  Soil  and  a Constant  Conductivity  for  the  Saturated  (.005  mhos/meter)  Layer  and 

Bedrock  (.00001  mhos/meter) 
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Fig.4  Effect  of  change  in  terrain  elevation  from  smooth  earth  (A)  to  250  meter  hill  (B)  and  500  meter  hill  (C) 
on  secondary  phase  factor.  Conductivity  is  assumed  at  0.005  mhos/meter  over  path 
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Fig.5  Variation  of  secondary  phase  factor  for  an  inhomogeneous  irregular  path 
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IONOSPHERIC  EFFECTS  OH  LORAN-C  IH  POUR  REGIONS 


T R Larsen  and  E V Thrane 
Norwegian  Defence  Research  Establishment 
Kjeller,  Norway 


SUM4ARY 


Loran-C  is  a radio  navigation  system  using  pulsed  signals  at  100  kHz.  Interference  between  ground 
wave  and  waves  reflected  from  the  ionosphere  can  reduce  the  accuracy  of  this  system.  The  reflecting  pro- 
perties of  the  ionosphere  are  variable , and  irregular  disturbances  affecting  these  properties  are  parti- 
cularly frequent  in  polar  regions.  The  paper  describes  computations  of  amplitude  and  time  delay  of  a 
100  kHz  radio  wave  that  is  reflected  from  different  ionospheric  models.  These  models  simulate  day  and  night 
conditions  and  conditions  during  a severe  ionospheric  disturbance.  The  computations  are  made  using  a "full 
wave  solution"  and  indicate  at  which  distances  from  a Loran-C  transmitter  the  skywave  can  interfere  with 
the  ground  wave  (time  delay  <30  ys  between  groundvave  and  skywave  pulses).  For  undisturbed  nighttime  con- 
ditions interference  should  never  occur,  whereas  for  propagation  over  land  during  moderately  and  severely 
disturbed  conditions  interference  may  occur  beyond  distances  of  -800  and  =600  km,  respectively.  For  propa- 
gation over  sea  the  corresponding  distances  are  *l400  and  *800  km. 


1.  INTRODUCTION 

1.1.  The  principle  of  Loran-C  navigation 

Loran-C  is  a very  accurate  navigation  system  using  pulsed  radio  signals  with  a carrier  frequency 
of  100  kHz.  A chain  of  stations  may  consist  of  a "master"  and  two  or  more  "slaves"  and  may  cover  a geo- 
graphical region  with  a radius  of  up  to  2000  km.  An  example  is  the  existing  chain  in  the  North  Atlantic 
with  a master  station  at  Fmr^y  Islands  and  slaves  at  Jan  Mayen,  Iceland  and  North-Norway . The  pulses  trans- 
mitted from  the  stations  in  a chain  are  synchronized  with  a great  precision  and  the  user  determines  his 
position  by  measuring  the  time  delay  between  signals  received  from  different  stations.  Accuracies  of  posi- 
tion determination  of  150  m up  to  distances  of  1800  km  are  quoted  as  typical  in  the  literature  (Potts, 
1972).  Each  station  transmits  pulses  in  a coded  pattern  that  ensures  correct  identification  and  prevents 
interference.  We  shall  briefly  discuss  the  principle  of  operation  and  a few  important  sources  of  error. 

Figure  1 shows  schematically  the  propagation  of  a Loran-C  pulse  from  transmitter  to  receiver.  The 
received  signal  will  consist  of  a pulse  that  has  travelled  along  the  earth's  surface  and  signals  reflected 
one  or  more  times  from  the  ionosphere.  At  frequencies  near  100  kHz  the  ionosphere  is  normally  a good  ref- 
lector, and  we  shall  investigate  under  which  conditions  ground  wave  and  skywave  may  interfere. 

Figure  2 shows  the  transmitted  and  received  pulses  in  more  detail.  The  transmitted  pulse  is  250  ys 
wide,  it  has  steep  leading  edge  and  reaches  maximum  eaplitude  after  70  us.  In  the  receiver  the  time  of  re- 
ception is  measured  at  the  zero  crossing  after  the  third  swing,  that  is  30  ys  after  the  start  of  the  pulse. 
This  time  can  be  measured  with  an  accuracy  of  0.1  ys.  The  effect  of  noise  is  minimized  through  a phase  co- 
herent detection  of  the  signal.  In  Figure  2 two  skywaves  are  indicated  arriving  after  one  and  two  reflec- 
tions from  the  upper  atmosphere. 

It  is  obvious  that  interference  can  only  occur  if  the  time  delay  between  ground  wave  and  skywave  is 
less  than  30  ys,  and  if  the  skyvave  has  sufficient  signal  strength. 

Our  task  is  therefore  to  calculate  the  propagation  velocity  of  the  ground  wave  and  the  path  length 
and  reflection  coefficient  of  the  skywave. 


2.  GROUND  WAVE  PROPAGATION 


Away  from  the  near  field  at  the  transmitting  antenna  the  ground  wave  will  mainly  be  a surface  wave 
whose  velocity  and  attenuation  depends  upon  the  properties  of  the  earth's  surface.  Computations  of  phase 
velocity  and  attenuation  for  low  frequency  waves  over  surfaces  with  different  conductivities  are  available 
in  the  literature  (Watts,  1967;  Wait  and  Howe,  1956). 

For  a 100  kHz  wave  propagating  over  sea  with  conductivity  0 ■ 1*  mho  ay  1 , the  phase  velocity  1000  km 
away  from  the  transmitter  is  v ■ 0.9995  c,  where  c is  the  free  space  velocity  of  light.  The  attenuation  is 
A s 10  dB  in  addition  to  the  spatial  attenuation.  For  soil  with  relatively  poor  conductivity  o»  10~^  mho  m-*, 
the  corresponding  numbers  are  v ■ 0.9977  c and  A * 26  dB.  The  computations  are  valid  for  homogeneous  earth 
with  a smooth  surface.  Rough  terrain  with  varying  conductivity  may  change  these  parameters,  and  poorly  con- 
ducting soil  dispersion  may  cause  distortion  of  the  pulse  shape,  but  such  effects  have  been  neglected  in 
the  present  work. 


3.  THE  REFLECTING  PROPERTIES  OF  THE  IONOSPHERE 

A 100  kHz  radio  wave  (free  space  wavelength  ■ 3 km)  will  be  reflected  from  the  lowest  part  of  the 
ionosphere,  the  D-region,  and  for  our  purposes  it  is  important  to  find  an  accurate  method  to  determine  the 
reflection  coefficient  and  effective  reflection  height  for  a particular  ionospheric  situation  and  propa- 
gation path.  The  ionospheric  properties  that  affect  the  radio  wave,  such  as  the  electron  density  and  colli- 
sion frequency,  can  change  significantly  within  a 3 km  height  interval  in  the  D-region,  and  we  cannot 


*■  - 


J 


therefore  directly  apply  the  principles  of  geometric  optics  to  the  propagation  problem.  He  have  instead 
used  a "full  wave"  integration  method  developed  by  Pittevay  (1965)  and  adapted  by  Bain  and  May  (1967)  to 
find  reflection  coefficient  and  height  of  reflection  as  a function  of  distance  from  the  transmitter  for 
oeitvtei  ikttiwffpuer.lw  nu-lelb . The  juethul  allows  the  -pet Ificati of  & piste,  licrizolitally  StlStified  ion-j- 
phere  with  arbitrary  height  variations  of  the  electron  density  and  collision  frequency,  penetrated  by  the 
earth's  magnetic  field,  at  an  arbitrary  dip  angle.  The  complex  wave  fields  and  reflection  coefficients  of 
a plane  wave  incident  upon  the  model  ionosphere  are  then  computed  for  different  angles  of  incidence.  The 
stationary  phase  principle  is  then  used  to  find  the  angle  of  incidence  corresponding  to  a particular  dis- 
tance along  a curved  earth  from  transmitter  to  receiver.  Once  this  angle  of  incidence  (I)  is  determined, 
a triangulation  height  is  found  (Piggott,  Pittevay  and  Thrane,  1965)  which  may  be  used  as  an  effective  ref- 
lection height  he{{  (see  Figure  1). 

ine  lover  lonospnere  na3  a systematic  oiurnaj.  ana  seasonal  variation.  In  audition,  rapid  ana  irregu- 
lar variations  may  occur.  These  are  most  pronounced  and  frequent  in  polar  regions,  and  may  often  disturb 
radio  ccemunications . We  have  chosen  three  different  ionospheric  models  as  a basis  for  our  computations. 

One  represents  undisturbed  nighttime  conditions,  one  a weakly  disturbed  day  and  one  a severe  disturbance. 

The  electron  density  profiles  are  shown  in  Figure  3.  They  have  all  been  determined  experimentally.  The  night- 
time profile  was  measured  by  Smith  et  al  (1966)  using  a ground  based  wave  interaction  technique,  the  others 
have  been  measured  by  sounding  rockets  in  North  Norway  during  an  auroral  disturbance  5 February  1969  and  a 
Solar  Proton  Event  on  25  February  1969  (Haug,  1972).  The  collision  frequency  vjj  has  been  specified  using 
the  relation  * 8«105  p (Thrane,  1968),  where  p is  the  standard  atmosphere  pressure  in  Nm-2  for  the  appro- 
priate season  and  latitude  (CIRA,  1972). 

The  effective  reflection  heights  resulting  from  our  computations  are  indicated  in  Figure  3.  They 
represent  values  obtained  for  a distance  of  300  km  from  the  transmitter  and  vary  very  slowly  beyond  this 
distance.  We  note  that  the  reflection  height  is  about  80  km  at  night,  about  55-60  km  during  weakly  distur- 
bed daytime  and  may  be  well  below  50  km  during  a severe  disturbance.  The  reflection  coefficients  will  nor- 
mally increase  with  increasing  distance.  Beyond  300  km  from  the  transmitter  typical  values  for  the  three 
models  are  |r|  1 0.5  (undisturbed  night),  j R | ~ 0.005  (weakly  disturbed  day)  and  |r|  ; 0.2  (severely  dis- 
turbed day) . The  night  model  gives  strong  reflection  because  the  electron  densities  at  night  are  small  be- 
low the  reflection  level.  In  a severe  disturbance  the  wave  may  be  reflected  in  a strong  gradient  of  elec- 
tron density  at  the  very  bottom  of  the  D-region.  Its  path  through  the  absorbing  region  caused  by  the  dis- 
turbance may  therefore  be  short.  The  net  result  is  a strong  reflection  even  though  the  electron  density  is 
large. 


4.  INTERFERENCE  BETWEEN  GROUND  WAVE  AND  SKYWAVE 


Based  on  the  method  and  data  we  have  discussed,  we  may  now  estimate  the  time  delay  of  the  skywave 

relative  to  the  ground  wave.  Figures  4 and  5 show  time  delay  At  in  microseconds  as  a function  of  distance 

from  a transmitter  for  different  effective  ionospheric  heights.  The  geometrical  horizon  for  1-hop-trans-  _1 
mission  is  indicated  on  the  figures.  Transmission  over  sea  and  over  land  with  conductivity  0 « 10“^  mho  m 1 

are  chosen  as  examples.  We  note  from  Figure  4 that  for  propagation  over  sea  the  time  delay  will  never  be 

less  than  30  us  for  effective  ionospheric  heights  greater  than  about  55  km.  For  propagation  over  land  the 
corresponding  height  limit  is  68  km.  We  also  note  that  a very  small  change  in  ionospheric  height  may  cause 
a large  change  in  the  distance  at  which  interference  can  occur.  For  undisturbed  nighttime  conditions,  inter- 
ference should  never  occur. 

The  next  step  is  to  consider  the  relative  amplitudes  of  ground  wave  and  skywave.  The  correct  proce- 
dure would  be  to  compute  the  amplitudes  of  both  waves  near  the  sampling  point  (the  3rd  swing  in  the  ground 
wave  pulse)  as  a function  of  time  delay,  and  then  use  an  experimentally  determined  criterion  for  when  inter- 
ference becomes  a problem.  In  this  preliminary  study  ve  have  chosen  an  approximate  method.  Close  to  the 
transmitter  the  ground  wave  is,  of  course,  stronger  than  the  skywave.  However,  the  amplitude  of  the  sky- 
wave  will  decrease  more  slowly  with  distance  than  the  amplitude  of  the  ground  wave,  because  the  ionosphere 
becomes  a more  efficient  reflector  at  oblique  incidence.  We  have  therefore,  for  each  ionospheric  model, 
and  for  two  ground  conductivities,  computed  the  distance  at  which  skywave  and  ground  wave  pulses  have  equal 
amplitudes.  We  then  assume  that  if  a)  the  time  delay  between  ground  wave  and  skywave  is  less  than  30  ps  and 
b)  the  skywave  is  stronger  than  the  ground  wave,  then  interference  may  occur.  Table  1 shows  the  results. 

For  each  ionospheric  model  and  for  each  type  of  ground,  the  largest  distance  listed  indicates  the  radius  of 
the  zone  near  the  transmitter  that  should  be  free  from  interference.  Although  our  estimates  are  approximate, 
we  feel  that  they  nevertheless  give  interesting  information. 

Ground  conductivities  of  about  10  ^ mho  m 1 are  typical  for  North  Norway,  but  rough  and  mountainous 
terrain  may  cause  effective  values  smaller  than  this.  In  the  zone  where  the  ground  wave  dominates  and  inter- 
ference cannot  occur,  the  accuracy  of  the  Loran-C  system  will  be  better  than  0.5  us  corresponding  to  150  m 
in  position.  In  the  zone  where  skywave  and  ground  wave  can  interfere  it  is  more  difficult  to  estimate  the 
uncertainties,  but  it  seems  clear  that  problems  can  arise.  If,  for  example,  the  skywave  at  the  sampling 
point  has  the  sara  amplitude  as  the  ground  wave,  but  arrives  in  antiphase,  the  error  in  the  time  determi- 
nation may  correspond  to  several  cycles. 

At  greater  distances  the  skywave  will  dominate  and  the  system  accuracy  will  depend  upon  the  stabi- 
lity of  the  ionosphere.  At  2000  km  a height  change  of  10  km  in  the  ionosphere  may  give  a change  of  20  us  in 
time  delay  corresponding  to  a position  error  of  6 km. 

Experience  shows  that  at  low  and  middle  latitudes  the  ionosphere  is  normally  very  stable.  Phase  sta- 
bility of  il  ps  during  daytime  and  from  i4  us  to  ±8  ps  at  night  have  been  reported  for  skywave  out  to 
3000  km  from  the  transmitter  (Doherty,  1963;  Shapiro,  1968).  There  is  little  data  available  in  the  litera- 
ture from  polar  regions.  However,  our  calculations  indicate  that  we  must  expect  considerably  poorer  accu- 
racy during  ionospheric  disturbances  in  and  north  of  the  auroral  zone,  where  the  propagation  paths  from 
the  different  Loran-C  stations  to  the  user  may  suffer  disturbances  in  various  degrees.  If  we  assume  that 
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position  is  estimated  to  reach  10-15  km. 


5. 


CONCLUSION 


In  certain  geographic  are* a where  the  Loran  C availability  ia  reduced,  effecta  like  the  onea  dis- 
cussed nay  contribute  to  a deterioration  of  the  accuracy  of  the  position  fixes . For  a geometry  like  the 
one  shown  in  Figure  6 reception  at  7ada0  is  at  times  marginal.  Figures  7 and  £ give  examples  of  Loran  C 
puses  (integrated  over  IS  min)  received  at  fadsft.  Tot  variability  of  tne  amplitude  of  the  sxywave  as  well 
as  the  arrival  time  w.r.t.  the  groundvave  are  noticeable. 
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Table  1. 


The  table  gives  the  distances  for  which  the  propagation  time  delay  between  the  groundvave  and 
skyvave  equals  30  Ms ; the  computations  are  made  for  three  ionospheric  electron  density  profiles 
f and  two  values  of  ground  conductivity.  Also  given  are  the  distances  for  which  the  groundvave 

< and  skyvave  have  equal  amplitude. 
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Figure  4.  Difference  in  propagation  time  (in  us)  between  groundwave  and  skywave  vs  propagated  distance 
along  the  Earth  for  various  values  of  the  effective  reflection  height.  Propagation  above  sea. 


Figure  5.  Difference  in  propagation  time  (in  us)  between  groundwave  and  akyvave  vs  propagated  distance 

along  the  Earth  for  various  values  of  the  effective  reflection  height.  Propagation  above  poorly 
conducting  land. 
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Figure  6.  Map  shoving  the  positions  of  the  LORAH  C transmitters  at  Eide  (Faraoe  Islands),  Sandur  (Iceland), 

Bji I (Norway)  and  Jan  Mayen  (Norvay).  The  signals  were  received  at  Vads0,  North  Norway,  J 
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Figure  8.  LORAN  C pulses  (integrated  over  12  ain)  from  the  Jan  Mayen  transmitter  received  in  Vads0  on 
23  Dec  75. 
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PROPAGATION  EFFECTS  ON  OMEGA 


by 

E.  R.  Swanson 

Naval  Electronics  Laboratory  Center 
San  Diego,  CA  92 152  USA 


ABSTRACT 

Broad  attention  is  devoted  to  propagational  effects  on  OMEGA.  Primary  emphasis  is  placed  on  experimental  observations  and  empir- 
ical synthesis  but  with  supporting  reference  to  waveguide  propagation  theory.  After  a brief  discussion  of  the  history  and  background  of 
OMEGA,  a sketch  of  engineering  and  operational  considerations  is  presented.  Special  propagational  effects  including  Sudden  Phase 
Anomalies  (SPA’s)  associated  with  Sudden  Ionospheric  Disturbances  (SID's)  and  Polar  Cap  Absorptions  (PCA’s)  are  defined.  Normal 
propagational  conditions  are  emphasized  especially  typical  repeatability  and  typical  diurnal  behavior.  Factors  effecting  the  prediction 
of  phase  are  summarized  including  characteristic  velocity  and  phase  variation  with  excitation  of  the  waveguide  mode,  ground  conductiv- 
ity over  a propagation  path,  variations  with  geomagnetic  dip  angle  and  path  azimuth,  effects  of  the  aural  zone  and  polar  cap  regions, 
and  solar  cycle  variation  of  velocity.  Temporal  variations  are  also  addressed  including  variation  with  solar  zenith  angle  and  anomalous 
changes  at  sunrise  and  sunset.  The  zenith  angle  effect  is  shown  to  explain  seasonal  variations  as  well  as  most  diurnal  change.  General 
propagational  considerations  are  shown  to  represent  the  received  OMEGA  phase  over  95%  of  the  time.  A few  percent  of  the  time,  how- 
ever, phase  is  shown  to  be  abnormally  perturbed  due  to  SPA’s  on  sunlit  paths  or  PCA’s  on  arctic  paths.  Note  is  made  of  the  importance 
of  single  mode  propagation  by  the  same  dominant  mode  throughout  the  day.  Coverage  limitations  for  various  individual  station  arising 
from  complicated  modal  structure  is  noted. 

1.  OMEGA 

On.  alligation  syftcBt.  jj.  At 

and  14  kHz.  Eight  stations,  seven  permanent,  presently  provide  nearly  global  coverage.  Global  coverage  from  eight  permanent  stations 
is  expected  toward  the  end  of  the  decade.  In  marine  navigation,  Omega  normally  is  used  as  a single  frequency  hyperbolic  system  although 
several  frequencies  are  available  and  the  system  can  be  used  in  tire  range-range  mode. 

The  present  stations  are  in  essentially  continuous  24-hour  operation.  At  some  sites  this  has  been  true  for  over  ten  years  less  inci- 
dental outages  and  major  outages  for  facility  improvement  to  the  present  10  kW  radiated  power  at  the  system  base  frequency  of  10.2  kHz. 
Thousands  of  receivers  have  been  constructed  most  being  sold  commercially.  The  U.  S.  Navy  is  installing  Omega  on  all  ships  capable  of 
independent  operation  except  some.  The  U.  S.  Military  Airlift  Command  is  presently  acquiring  nearly  one  thousand  receivers  for  some 
of  its  aircraft.  Writing  six  years  ago  on  the  then  existing  four  station  developmental  system,  S.  S.  D.  Jones  noted:  . . (Omega)  is 

already  the  most  widely  deployed  ground-based  navigation  aid  in  the  world  by  a very  substantial  margin”  (Jones,  1970). 

1.1.  History 

Omega  itself  may  be  considered  the  oldest  VLF  navigation  system.  However,  the  system  has  evolved  considerably  from  its  earlier 
ToTms.  In  V 4A  J.  A.  Pierce  test  pTopused  a jiypcTbdtic  navigaTioii  system  based  on  jAia  <iiflereiieeTec'nniques  raftiei  maritime  airrer- 
ences.  In  particular,  a system  operating  in  the  vicinity  of  50  kHz  with  a sine  wave  modulation  of  200  Hz  was  suggested.  An  experimental 
system  of  this  type  was  constructed  by  the  Navy  Electronics  Laboratory  and  called  Radux.  Subsequently,  in  1955,  it  was  suggested  that 
the  Radux  information  from  the  LF  Signal  be  combined  with  a separate  VLF  transmission  near  10  kHz.  This  system  was  called  Radux- 
Omega  and  initial  10.2  kHz  transmissions  were  made  in  1955.  Later  the  LF  transmissions  were  discontinued  and  ranges  were  expanded 
to  a single  frequency  Omega  .ystem  and,  later,  a multifrequency  Omega  system.  Omega  can  thus  trace  a twenty-nine  year  evolutionary 
history  and  has  included  transmissions  at  the  system  base  frequency  for  twenty  years. 

Modern  transmissions  using  the  stations  in  Norway,  Trinidad,  Hawaii,  and  Forestport,  New  York  began  in  1966.  Previously,  sta- 
tions weit  used  in  a coiivcilttcmai  Slav  -maSlcr  coiZhgatdti' m.  TOCdciu  transmissions  rre  deriveff \icnn  a bank  oi  Cesium  irfcquc Ml > Stand 
ards  at  each  station  and  each  station  is  controlled  as  a source  of  standard  signals.  The  modern  arrangement  is  especially  practical  for  a 
global  system  in  that  the  navigator  can  pair  stations  in  any  convenient  way  to  obtain  useful  hyperbolic  geometry  and  signals.  The  modern 
configuration  has  also  proved  more  reliable  than  older  arrangements. 

1.2  Implementation 

Practical  implementation  of  Omega  requires  work  in  three  broad  areas:  station  design  and  construction;  receiver  design,  manu- 
facture and  installation;  and  propagational  theory  development  and  implementation  leading  to  either  practical  models  for  incorporation 
in  automatic  receivers  or  charts  and  tables  for  use  manually.  Work  i.;  all  three  areas  has  been  proceeding  concurrently  for  a number  of 
years.  However,  it  is  the  station  construction  schedule  which  has  received  the  most  attention.  Rather  apparently,  crude  navigation  may 
be  attempted  with  crude  receivers  and  poor  propagational  knowledge:  no  navigation  can  be  attempted  without  signals. 

Anticipated  stations  sitings  are  shown  in  figure  1 . Also  shown  is  a station  in  Trinidad  which  was  part  of  an  earlier  four  station 
network  and  will  continue  to  transmit  ai  least  through  the  end  of  calendar  year  1976.  All  stations  shown  are  presently  constructed 
except  the  station  in  the  South  Pacific.  The  stations  are  giver,  in  Table  1 according  to  letter  designation,  location,  antenna  type  and 
''ppru*,"g  ag*»nry  frr>m  T^hloe  I and  ??  of  Nnin 107?^  TKo  nr.min?'  r9diat°^  p CT  of  3il  Stations  is  10  at 

10.2  kHz  except  for  Trinidad  which  radiates  less  than  1 kW.  At  the  presem  rime  there  is  no  firm  date  for  commencement  of  construc- 
tion of  the  South  Pacific  station  but  past  experience  has  indicated  about  thirty  months  is  required  from  final  sites  selection  to  c.i-air 
(Herbert  and  Nolan,  1975). 

eventual  system  management  has  bcel.tr  vcTibeiPby  HeArert  and  TSutamiezo).  "Omega  stations  not  on  A).  A.  sou  wiri’oc  opeiateti 
by  host  nation  agencies  who  will  be  responsible  for  maintaining  the  Omega  signal  without  interruption  and  in  phase  with  the  world-wide 
Omega  Navigation  System.  These  agencies  were  lifted  in  Table  1. 
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TABLE  I 

TRANSMITTING  STATIONS 


STATION 

LOCATION 

ANTENNA  TYPE 

OPERATING  AGENCY 

A 

Bratland,  Norway 

Valley  Span 

Norwegian  Telecommunications 
Administration 

B 

Liberia 

Grounded  Tower 

Dept,  of  Commerce,  Industry, 
and  Transportation 

C 

Haiku,  Hawaii 

Valley  Span 

U.  S.  Coast  Guard 

D 

La  Moure,  North 
Dakota,  USA 

Insulated  Tower 

U.  S.  Coast  Guard 

E 

La  Reunion  Isl, 
Indian  Ocean 

Grounded  Tower 

French  Navy 

F 

Golfo  Nuevo, 
Argentina 

Insulated  Tower 

Argentina  Navy 

G 

(Permanent) 

South  Pacific 

(Grounded  Tower  proposed) 

- 

G 

(Temporary) 

Trinidad 

Valley  Span 

U.  S.  Coast  Guard 

H 

Tsushima  Island, 
Japan 

Insulated  Tower 

Japanese  Maritime  Safety 
Agency 

1.3  Format 

Basic  Omega  signals  consist  of  very  low  frequency  10.2  kHz  continuous  wave  pulses  transmitted  sequentially  from  each  station. 
Since  the  transmissions  are  time  shared,  a commutator  is  required  to  separate  each  station  within  the  10-second  commutation  pattern 
shown  in  Fig.  2.  The  commutation  scheme  is  unambiguous  and  is  synchronized  in  a known  relationship  to  International  Time  as  usually 
transmitted.  However,  the  Omega  commutation  pattern  is  no  longer  simply  related  to  regularly  broadcast  time  pulses  as  was  once  the 
case  when  UT-2  was  broadcast.  The  commutation  pattern  was  originally  defined  to  commence  beginning  at  0000  hours  and  repeat  every 
10  seconds.  Present  standard  time  transmissions  employ  “leap"  seconds  which  are  used  typically  once  or  twice  per  year.  For  Omega  to 
follow  leap  seconds  would  require  each  user  to  jump  his  commutator  whenever  leap  seconds  were  introduced  to  standard  time.  This  is 
operationally  inconvenient.  Worse,  it  is  potentially  dangerous  in  the  event  some  user  does  not  get  informed  of  the  forthcoming  time 
change.  A one  second  change  is  sufficiently  close  to  a one  segment  misalignment  that  it  is  possible  for  a receiver  to  appear  to  be  tracking 
satisfactorily  but  actually  be  tracking  on  different  pairs  of  signals.  The  inconvenience  during  set-up  of  having  off-sets  between  Omega 
and  International  Time  must  be  weighed  against  the  inconvenience  and  incipient  hazard  of  having  occasional  leap  seconds. 

A hyperbolic  Omega  receiver  measures  the  phase  of  two  or  more  Omega  stations  against  a reference  generated  from  an  internal 
oscillator.  The  internal  os^iUa^-  pewits  storage  of  pb-*"  intVrnnjnr.  so  fhat  'dative  phases  of  the  differe"7  station'  can  be 
intercompared.  Readout  is  the  phase  difference  in  centicycles  between  selected  stations  and  ordinarily  is  recorded  continuously  on  strip 
chart  recorders.  Since  the  comparisons  are  all  between  signals  of  the  same  frequency,  no  internal  ambiguity  can  arise  within  the  receiver 
Jwe  to  JivwLt  jtni.ps.  * LyJ>eH>;.'8«.  Otiiegt  rec  vVe+ri*  no  mtffrrilHfldL MuuliAt  tut  atfcft/v-  nil,  (leqnene;  t «e  s!  vi 

shifts  common  to  all  stations  will  be  removed  in  the  hyperbolic  differencing.  The  system  does,  however,  have  an  inherent  physical  am- 
biguity. Since  adjacent  carrier  cycles  cannot  be  distinguished,  the  measured  phase  of  each  earner  is  inherently  ambiguous  by  one  cycle. 
Hyperbolic  phase  differences  on  a baselme  between  two  stations  are  ambiguous  by  the  hyperbolic  spacing  of  one-half  wavelength. 

Because  of  continuous  operation,  the  navigational  lane  ambiguity  problem  inherent  in  a single  frequency  system  generally  is  not 
tmAtmon*  Hcwnir  kX'Wijt  dl  tivK^k-  “t-  ’.idw'  I <lw  IwHAnrgB  lUrii. rt  4c  rTIrf 

should  difficulties  occur  (Fig.  3).  Additional  frequencies  included  for  lane  identification  are  13.6  and  1 1 1/3  kHz;  they  may  be  used 
independently  in  exactly  the  same  manner  as  the  10.2  kHz  transmissions.  However,  ambiguities  in  the  13.6  kHz  lines-of-oosition  will  be 
coincident  with  those  at  10.2  kHz  only  every  24  miles.  Similarly,  LOP’s  at  1 1 1/3  Will  only  be  coincident  every  72  miles.  Comparison 
of  the  coincidence  of  lines-of-position  obtained  at  the  various  frequencies  can  thus  serve  to  establish  the  proper  lane  of  the  10.2  kHz 
<Sff»SMll!ll'.f  ( TI  Hilt  .M>.  lowert  v.inl  4 J wS';V*sr*jn  ir*i  Hkfo  kw 

Burgess,  1969;  Burgess  and  Walker,  1970).  Several  practical  aspects  of  lane  resolution  should  be  emphasized.  1)  lane  is  usually  estab- 
lished in-port  and  maintained  by  continuous  tracking;  2)  in  the  event  of  single  station  outage  using  a four  station  receiver,  no  ambiguity 
has  occurred,  3)  brief  outages  present  no  problem  since  lane  is  easily  re-established  by  dead  reckoning;  4)  if  a lane  ambigui,  . arises,  it  is 
probably  not  on  all  LOP’s  therefore  not  all  need  be  re-determined;  5)  if  not  all  lanes  have  been  lost,  lane  can  be  reset  by  intersecting 
existing  I OP’s  with  only  one  external  navigational  LOP  such  as  sun  line,  depth  contour,  radar-range,  etc.,  and  6)  if  coincidence  of  lanes 
is  not  reasonably  “close,”  navigation  directly  on  the  difference  frequency  is  possible,  or  alternatively,  stations  may  be  paired  Jiberenlly 
to  present  less  accurate  fixing  within  unambiguous,  more  highly  divergent  lines-of-position.  The  latter  options  are  particularly  important. 

Dm  ga  laiiv  / ^MJiu ti-jii  need  iiwfer  be  i - TC  -u . f ttij v be  rescl  -d  selectively  . ti  an  ambiguity  Ltd  Uidcs  JliuulJ  Ucvclup  c„  an  c ./t7,  it 

is  still  possible  to  use  the  3.4  kHz  beat  position  derived  from  13.6  and  10.2  kHz  to  an  unambiguous  position  accuracy  of  about  two  miles 
If,  at  some  later  time,  coincidence  improves,  then  the  carrier  lane  identification  can  confidently  be  made  (Swanson,  1971). 

Figure  4 also  shows  additional  transmissions  on  unique  frequencies  indicated  by  f j , (j,  ■ . . fg.  These  signals  are  presently  trans- 
mitted by  some  but  not  all  stations.  They  are  useful  for  vlf  navigation  as  described  in  section  2 and.  coincidentally,  are  very  useful  lor 
IrwTWpnep  JtnuiahiMluvi  Iwta^sHWMjg  prtgBtriiy  'inishiM  fwu  Twwqllt  frjy.  * xiWwy spHte*  -*f  Tlo  fit  4ns4J#i -jfTh# une4l a*#  Ife 
250  Hz  Omega  difference  frequency  has  been  used  successfully  to  identify  carrier  cycles  directly  in  specialized  timing  applications 
(Wilson  el  al,  1972;  "hi  and  Wardrip,  1974;Kugel,  1975  (contains  bibliography) ).  Recently,  implementation  of  a fourth  commutated 
frequency  at  1 1.050  kHz  has  been  suggested  by  Swanson  ei  al  (1975),  who  reviewed  the  evolution  and  potential  of  the  Omega  format. 
Although  transmissions  at  10.2,  1 1 1/3,  and  13.6  kHz  are  firm,  additional  format  details  are  somewhat  open  and  may  be  decided  at  an 
international  meeting  in  the  Fall  of  1976. 
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1.4  Practical  Navigation 

OHa^  hiU^  cWUtil^  4*Juil%M4linQ^dlMm*lef  Ikr  AtUhl»jtHiiliii«  if  tQflwgsWc-i  “ll«Ai* 

ties  the  three  R’s  reliability,  redundancy  and  range.”  The  existing  operational  stations  individually  maintained  an  average  99.7%  of  the 
scheduled  availability  (99.4%  total  time  availability)  during  the  last  period  for  which  statistics  have  been  computed  (Vannicola,  1976). 

In  an  evaluation  of  one  receiver,  maintainability  could  not  be  assessed  since,  in  20,000  hours  of  operation,  the  receiver  did  not  fail.  As 
previously  noted,  VLF  signals  propagate  to  great  range  so  that  Omega  will  provide  redundancy.  In  many  locations,  all  eight  stations  will 
be  detectable  although  perhaps  only  five  or  six  may  be  usable.  A range  limitation  will  often  be  due  to  a station  interfering  with  itself  by 
propagating  around  the  world  by  both  a short  and  long  propagation  path,  e g.,  repeatable  signals  from  Trinidad  are  received  in  Hawaii  at 
certain  times  by  propagation  3/4  of  the  way  around  the  world  eastbound  from  Trinidad. 

Manual  Omega  navigation  requires:  antenna,  antenna  coupler,  receiver  (preferably  with  strip  chart  recorders),  skywave  correction 
tables,  and  hyperbolic  charts  (or  lattice  tables).  Equipment  has  been  built  by  numerous  manufacturers.  Available  charts  and  tables  are 
listed  in  the  catalog  of  the  U.  S.  Oceanographic  Office.  Once  the  equipment  is  installed,  it  must  be  properly  checked  out  and  synchro- 
jvStf  bfrt  ecmm.ut  Wtov.  1 sMt'.i.  .AoIjkJwh*  Pfc y t il  c on  -.li*, WtVJO  tnaiftfeWWWt!  fcyir  fttoninWimi 

the  commutation  pattern  is  obtained  by  one  of  three  methods:  1 ) look  at  (or  listen  to)  the  Omega  signals  and  move  the  commutator 
into  alignment;  2)  knowing  the  relation  between  Omega  and  International  Time,  start  the  commutator  from  a standard  10-second  pulse 
such  as  might  be  obtained  from  WWVB;  or  3)  knowing  the  strongest  signal  in  the  area,  align  the  commutator  until  the  correct  segment 
corresponds.  In  practice  the  third  alternative  is  the  most  commonly  used  although,  because  of  anisotropy  in  signal  propagation,  a guess 
of  the  strongest  signal  expected  in  an  unfamiliar  area  can  be  hazardous.  Once  commutation  is  properly  established,  phase  tracks  should 
settle  within  a few  minutes  and  a fix  may  be  taken.  Knowing  the  actual  position  and  working  backwards,  correct  lane  counts  can  be 
annotated  on  strip  chart  recorders  and/or  lane  counters  set.  Before  sailing,  it  is  desirable  to  prepare  hyperbolic  skywave  corrections  for 
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Omega  lanes  on  the  local  charts. 

Underway,  the  fixing  procedure  is  simply  to  read  the  various  phase  differences  indicated  by  the  receiver,  add  the  respective  sky- 
rati .! As  Uto  J-dl ) Ul'dh  dead  ta  ■litEjtiJr  ►’fcy  JboUi  Ufc  mkull!*  01  * M'V  mXnt 

checks  should  be  made  prior  to  taking  the  fix.  Commutation  synchronization  can  be  checked.  If  the  receiver  is  equipped  with  a “no 
signal”  light  or  with  field  strength  indication,  the  navigator  should  assure  himself  that  adequate  signals  are  available.  Also,  strip  hart 
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place  an  unusual  premium  on  self-discipline  in  routinely  performing  reasonableness  checks.  If  Omega  were  not  reliable,  the  navigator 
would  appreciate  the  obvious  need  for  performing  elementary  checks.  However,  since  a hundred  fixes  may  be  obtained  without  diffi- 
culty, it  is  human  nature  to  assume  there  will  never  be  any  difficulty. 

There  are  automatic  Omega  receivers  as  well  as  manual.  Automatic  usually  implies  a receiver  which  can  automatically  synchronize 
itself  as  well  as  read-out  directly  in  latitude  and  longitude.  Some  receivers  exist  which  have  an  automatic  synchronization  capability  but 
which  read-out  hyperbolic  phase  differences  rather  than  latitude  and  longitude.  Most  automatic  equipment  includes  some  approximation 
to  the  propagation  model  used  to  compute  global  phase  differences.  Most,  but  not  all,  automatic  equipment  is  intended  for  aircraft  use. 

A pioneering  equipment  was  the  AN/ARN-99  Omega  receiver  (Smith,  1 97 1 ) of  which  the  AN/SRN-1 7 multi-frequency  receiver  intended 
for  surface  application  and  the  AN/BRN-7  receiver  intended  for  submerged  application  are  derivative.  Another  pioneering  automatic 
receiver  was  the  Canadian  Marconi  Corporation  CMA-719  (Mactaggart,  1971).  Numerous  other  manufacturers  have  recently  produced 
equipment.  Accuracy  specifications  for  automatic  receivers  have  been  addressed  by  Sakran  (1974).  More  recently  airborne  specifications 
have  been  addressed  by  Special  Committee  126  of  the  Radio  Technical  Commission  for  Aeronautics  (RTCA).  Evaluations  of  various 
receivers  have  been  carried  out  under  the  U.  S.  Air  Force  2041  program. 

Over  53  manufacturers  have  constructed  Omega  receivers. 

1.5  Special  Uses 

A number  of  specialized  uses  or  forms  of  Omega  have  developed  to  exploit  particular  aspects  of  the  system.  Ordinarily,  Omega 
accuracy  will  not  be  significantly  influenced  by  poor  signal  to  noise  ratio.  Usually  signals  will  not  be  marginal  and  the  primary  accuracy 
limitation  will  be  due  to  inherent  day  to  day  fluctuations  in  the  transfer  (or  “mapping”)  function  of  the  propagation  medium  itself 
(Swanson,  1970). 

Since  errors  will  be  ntroduced  by  all  segments  of  the  long  transmission  paths  to  an  area,  it  follows  that  two  receivers  in  the  same 
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navigation  such  as  might  be  needed  within  a task  force  or  for  traffic  control.  Differential  or  micro-Omega  are  systems  designed  to  upgrade 
nominal  system  accuracy  in  kx  >1  areas  through  use  of  spatial  correlation  (Swanson  era/,  1974a;  Swanson  era/,  1974b;  Nard.  1974, 
Hastings  and  ComstOck,  1 x)  5y.  ^.TfviCiiTuit  omega  concepts  nave  been  useu  fb.  oceuiiogiapiiic  suivey.  wfLE  aim  f Lnc.t  weie  uesigneu 
by  NASA  for  tracking  vehicles  or  traffic  control  (Laughlin  ct  al , 1965;  Laughlin  er  al,  1967).  They  employ  an  on-board  Omega  trans- 
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wherein  it  was  envisaged  that  mariners  and  airmen  could  carry  a small  transponder  which  would  telemeter  the  Omega  format  through  a 
satellite  to  ground  much  as  in  OPLE  and  PLACE  so  that  position  of  the  unit  needing  rescue  could  be  determined.  Work  has  been  described 
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In  addition  to  the  spatial  correlation  features  exploited  by  Rendezvous  and  Differential  Omega,  exploitation  is  made  of  the  disper- 
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Dispersive  correlation  significantly  reduces  the  errors  expected  using  beat  frequency  navigation  or  lane  resolution.  A special  application 
called  “Composite  Omega”  has  been  suggested  by  J.  A.  Pierce  to  take  optimum  advantage  of  dispersive  correlation  (Swanson,  1965; 
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Auto-correlation  of  propagation  variations  is  also  significant  being  8 to  10  hours  for  normal  propagation  conditions  at  night. 
However,  diurnal  prediction  errors  correlate  over  shorter  periods  and  may  become  the  dominant  consideration  in  practical  applications. 
Measurements  by  Wright  (1969)  indicate  a potential  for  determining  velocity  to  1/3  kt  when  the  propagation  paths  are  either  all  dark  or 
all  sunlit. 


Special  use  of  Omega  has  also  been  made  to  track  weather  balloons.  Use  has  been  made  of  the  multiple  frequency  transmissions 
for  geophysical  exploration.  Timing  applications  using  narrowly  spaced  difference  frequencies  were  mentioned  in  section  1 .3.  Timing 
using  carrieis  and  usual  difference  frequencies  have  been  described  by  Swanson  and  Kugel  (1972)  while  lead  edge  capability  was  further 
studied  by  Swanson  and  Adrian  ( 1973).  Accuracies  of  a few  microseconds  are  possible  using  carrier  phase  measurements. 

2.  VLF  NAVIGATION 

VLF  offers  tremendous  advantages  for  navigation:  Coverage  is  excellent;  reception  is  reliable.  This  is  a characteristic  of  the  fre- 
quency band  and  is  not  necessarily  restricted  to  the  particular  navigational  implementation  we  know  as  Omega  (Litchford,  197 1 ; 
Swanson  and  Robie,  1973).  In  addition  to  the  generally  favorable  propagation  characteristics,  there  is  also  a compatibility  between 
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1974).  Considering  the  inherent  capabilities  of  the  frequency  band  and  the  considerable  variety  which  can  be  employed  in  designing 
navigation  systems,  it  may  be  at  first  surprising  that  there  is  not  a great  proliferation  of  vlf  navigation  systems.  Cost,  combined  with  the 
attempt  to  make  the  Omega  format  itself  flexible,  have  served  to  restrict  other  approaches.  However,  there  are  two  techniques  which 
should  be  noted. 

Many  vlf  communications  stations  throughout  the  world  are  stabilized  to  standard  frequency.  In  the  past,  transmissions  have 
been  continuous  wave  with  on-off  keying.  Presently,  many  U.  S.  Naval  transmitters  are  being  converted  to  minimum  shift  keying.  For 
navigational  purposes  the  change  constitutes  a complication  but  not  an  insurmountable  difficulty.  With  simple  carrier  transmissions 
from  three  or  more  stations,  the  various  signals  can  be  received;  then  shifted  in  frequency  to  some  common  frequency  and  then  paired 
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must  be  initialized.  They  cannot  refine  an  approximai : location  as  can  Omega.  In  operation  a navigation  system  using  such  signals  is 
somewhat  like  an  inertial  system  in  that  it  is  exactly  coi-ect  at  the  time  and  place  of  initialization  and  then  deteriorates  wi'h  separation 
and  elapsed  time.  However,  the  “error  drift”  is  not  unlire.  *ed  as  is  true  with  inertial  equipment.  The  error  budget  for  such  equipment 
has  been  discussed  by  Swanson  and  Dick  (1975).  A ~:bsi  dial  number  of  receivers  employing  this  principle  have  been  manufactured. 
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Beuker  (1973)  describes  a vlf  navigation  system  maintained  by  the  USSR.  The  frequencies  are  1 1.905,  12.649  and  14.881  kHz 
wnn  suwons  located  in  tne  east,  west,  ana  center  01  me  Soviet  Union,  kauiateu  power  appears  mgii.  ou  to  iuu  KW. 

Although  this  paper  addresses  primarily  Omega  propagation,  much  of  the  material  covered  is  applicable  to  any  vlf  navigational 
technique.  However,  there  are  significant  differences  in  emphasis  between  propagational  effects  at  the  vlf  communications  frequencies, 
usually  above  20  kHz,  and  those  in  the  10-14  kHz  navigation  band. 

3.  PROPAGATION  AND  THE  MEDIUM 

The  propagation  characteristics  which  permit  use  of  vlf  at  great  range  also  introduce  limitations  on  Omega.  To  a greater  extent 
than  at  higher  frequencies,  the  use  of  vlf  assumes  a reliance  on  nature  to  provide  repeatable  propagation.  Repeatable  propagation  usually 
occurs  but  with  some  unwanted  temporal  and  spatial  complexity.  Also,  on  occasion,  irregular  variations  occur. 

One  convenient  analytical  model  for  vlf  radio  propagation  is  that  of  a concentric  spherical  waveguide  formed  between  the  earth 
and  the  ionosphere.  If  only  one  propagation  mode  is  supported  by  the  waveguide,  then  there  will  be  a simple  relationship  between  phase 
and  distance  at  long  distances  from  a transmitter.  Phase  at  any  given  point  will  be  related  to  distance  to  the  transmitter,  ground  condi- 
tions especially  ground  conductivity,  and  characteristics  of  the  lower  D-region  of  the  ionosphere  which  forms  the  upper  boundary  of  the 
waveguide.  As  the  ionosphere  is  a magneto-plasma,  propagation  is  anisotropic  so  that  phase  is  not  only  a function  of  distance  fiom  a 
transmitter  but  also  dependent  on  geophysical  path  details. 

The  ionosphere  undergoes  regular  predictable  seasonal  and  diurnal  changes  as  a function  of  the  solar  illumination.  One  practical 
problem  is  the  prediction  and  removal  of  this  unwanted  temporal  variation. 

A limitation  is  the  occasional  unpredictable  variation  caused  by  unpredictable  variations  in  the  geophysical  environment.  The 
two  most  important  anomalous  variations  are  Sudden  Phase  Anomalies  (SPA’s)  caused  by  Sudden  Ionospheric  Disturbances  (SID’s)  and 
Polar  Cap  Absorptions  (PCA’s).  These  effects  are  related  to  solar  flares.  SPA’s  are  caused  by  the  X-ray  flux  impinging  on  the  sunlit 
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tides  are  guided  by  the  earth’s  magnetic  field  to  the  polar  regions  where  they  cause  an  anomalous  reduction  in  the  width  of  the  wave- 
guide. Effects  of  SPA’s  and  PCA’s  are  discussed  in  section  4.2.  Usual  stable  propagational  characteristics  will  be  discussed  next. 

a I General  Chflrac*erretir« 


Characteristics  of  vlf  propagation  in  general  and  Omega  propagation  in  particular  will  now  be  developed  by  adopting  specific 
propagation  models  as  convenient.  A subsequent  section  discusses  the  relationship  of  various  propagation  models. 
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the  world  in  all  directions  and  may  reinforce  at  the  antipodal  point  from  the  transmitter.  This  phenomena  has  been  observed  and  illus- 
trates the  extreme  range  obtained  at  VLF.  Also,  since  the  lowe r ionosphere  or  "D-region”  is  controlling  at  VLF,  one  would  expect  a 
severe  attenuation  when  the  wavelength  becomes  comparable  with  the  height  of  the  guide  at  about  70  to  90  Km,  i.e.,  a frequency  of 
about  4 kHz.  A severe  increase  in  attenuation  is  observed  as  expected,  Another  generality,  very  important  to  navigation  systems,  is  that 
if  one  mode  should  be  dominant,  then  phase  and  amplitude  should  vary  regularly  as  a function  of  distance  from  the  transmitter  without 
fluctuations  due  to  interference  between  various  modes,  This  condition  may  occur  at  any  distance  but  in  practice  it  is  especially  true  for 
frequencies  near  10  kHz  at  distances  greater  than  about  1 ,000  Km,  Note  that  the  regularity  is  occurring  at  targe  distances.  This  is  just 
the  opposUe  from  the  usual  experience  with  say,  Loran  A,  where  the  groundwave  propagation  at  short  distances  is  regular  and  multihop 
skywave  can  cause  irregularities  at  longer  distances, 

VLF  propagation  has  been  studied  for  many  years.  This  is  due  not  only  to  its  practical  use  as  the  mainstay  of  fleet  communica- 
tions for  a half  century  but  also  because  of  the  extreme  repeatability  of  measurements.  Although  diumal  variations  occur,  measurements 
over  paths  from  5,000  Km  to  10,000  Km  long  typically  show  repeatability  of  about  1 dB  in  field  strength  while  phase  variations  are 
measured  in  mirrnseennus  Althoi^  h detailed  prediction  of  III  F fields  is  difficult,  «r*  me  nota  He  success  h as  Keen  achieved  ’ figure  d 
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The  most  accurate  theoretical  work  is  now  being  done  using  digital  computers  to  solve  the  waveguide  problem.  However,  expres- 
sions tforeluped  by  J.  R.  wail  and  otricnmsy  provide  smite  insight,  fut  luitg  pirns  vrtwic  only  one  mode  is  donimauT,4u  w'^rt^uhic 
theory  of  the  sharply  bounded  ionosphere  yields 


£ = 


3 X 105  f P\ 


' P\  ~1^ 
a sin  dj^ 


e^'d  A 


(1) 


where 


£ = Received  field  strength  in  pV/m 

h = Height  of  the  ionosphere 

P = Radiated  power  in  kilowatts 

X = Wavelength 

a = Radius  of  the  earth 

d = Path  length  (great  circle  distance) 

o'  = Attenuation  coefficient  (Napiers/Mm);  o^B/Mm  = a' 

A = Excitation  factor 

Note  that  the  field  strength  decreases  exponentially  with  distance  modified  by  a “focusing”  term,  sin  d/a,  to  take  into  account  the  con- 
vergence of  the  spherical  field  in  the  far  half  of  the  world.  The  excitation  factor,  A,  accounts  for  the  transfer  of  energy  into  the  propa- 
gating mode.  Expressions  similar  to  equation  1 , or  similar  equations  employing  a superposition  of  contributions  from  various  modes, 
result  from  a number  of  ionospheric  models. 


3.1.1  Theoretical  Characteristics 


Wait  and  Spies  (1964)  made  extensive  computations  to  determine  the  theoretical  characteristics  of  VLF  propagation  under  a 
variety  of  conditions.  From  equation  1 and  the  associated  discussion,  it  is  apparent  that  the  important  parameters  are:  the  propagating 
mode,  characteristic  attenuation,  characteristic  velocity,  and  characteristic  excitation.  Theoretical  assumptions  include  mode,  n,  the 
effective  ionospheric  height,  h;  the  effective  ionospheric  gradient,  (3;  the  ground  conductivity,  og;  and  in  the  case  of  anisotropic  models, 
the  path  orientation  with  respect  to  the  magnetic  field.  Other  assumptions,  which  include  an  ionospheric  conductivity  parameter  related 
to  the  effective  electron  collision  frequency,  and  the  specific  definitions  of  various  terms  are  beyond  the  present  scope  (cf.  Wait,  1970). 
For  present  purposes  it  is  sufficient  to  note  that  the  assumptions  may  be  adequately  realistic  to  suggest  behavior,  although  detailed  calcu- 
lations for  specific  propagation  paths  may  differ  significantly  because  of  the  sensitivity  of  many  of  the  modal  parameters  to  precise  path 
characteristics. 


Figure  5 shows  computed  attenuation  rates  as  might  apply  over  a seawater  propagation  path  for  various  frequencies.  The  curve 
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tion  occurs  around  16  kHz  increasing  slowly  for  higher  frequencies  but  increasing  more  rapidly  at  lower  frequencies  because  of  the 
aforementioned  cut-off  when  the  waveguide  height  approaches  one  wavelength.  While  Figure  5 was  for  the  lust  mode,  Figure  6 shows 
the  attenuation  rate  for  the  second  mode.  Note  that  at  night  at  10  kHz  the  attenuation  rate  of  the  second  mode  is  9 db/Mm  compared 
with  1-1/2  dB/Mm  for  the  first  mode,  but  at  20  kHz  it  is  only  3 dB/Mm  compared  with  1.7  dB/Mm.  Figures  7 and  8 show  the  excitation 
factors  for  the  two  modes  which  indicate  the  relative  ease  with  which  propagation  may  be  established.  Excitation  factors  for  night  con- 
ditions at  10  and  20  kHz  for  the  two  modes  are  shown  in  the  following  table: 

Excitation  Factors  (dB) 

Frequency 

Mode  10  kHz  20  kHz 

1 -1.0  -10 

2 +1.3  +2.5 

In  both  examples  shown  it  is  easier  to  excite  the  second  mode  than  the  first.  However,  at  10  kHz  the  difference  is  only  2.3  dB  while  at 
20  kHz  it  is  1 2.5  dB.  These  differences  should  be  compared  with  differences  in  attenuation  rates  between  modes  for  the  respective  fre- 
quencies. At  10  kHz  the  first  mode  will  equal  the  second  mode  after  0.3  Mm  while  at  20  kHz  equality  will  not  occur  for  nearly  10  Mm. 

As  a consequence,  the  interference  pattern  formed  between  the  first  and  second  modes  is  much  less  consequential  at  the  lower  VLF  fre- 
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at  frequencies  near  10  kHz  but  must  be  considered  at  almost  any  range  for  frequencies  near  20  kHz  propagating  at  night.  (In  practice, 
the  situation  is  considerably  more  complicated  due  to  radical  variation  of  the  propagation  parameters  with  latitude  and  direction  at  night.) 

The  previous  conclusions  have  been  based  on  the  isotropic  model  of  Wait  and  Spies.  Their  results  provide  a useful  starting  point 
as  an  introduction  to  VLF  propagation  but  it  will  now  be  worthwhile  to  make  specific  comparisons  with  more  general  theory  and  with 
observation.  Pappert  has  developed  a computer  solution  to  the  problem  of  propagation  in  the  earth-ionosphere  waveguide  as  noted  in 
section  3.2.2.  The  formulation  provides  for  quite  general  ionospheric  electron  density  profiles,  exponential  variation  of  gyro  frequency 
with  height,  magnetic  dip  angle,  magnetic  field  strength,  magnetic  path  orientation,  and  ground  conductivity.  Snyder  and  Pappert  (1969) 
have  performed  numeric  calculations  for  the  specific  propagation  paths  between  San  Diego  and  Hawaii.  Results  for  both  the  isotropic 
case  and  the  anisotropic  case  were  obtained.  Since  their  formulation  is  different  from  that  of  Wait,  they  have  a somewhat  different  defi- 
nition of  height,  i.e.,  h'  instead  of  h,  but  the  distinction  is  not  significant  here.  It  is  important  to  note  that  they  are  computing  for  a 
different  height  but  one  which  is  also  considered  to  be  representative  of  propagation  conditions  at  night.  Further,  their  mode  numbering 
system  is  necessarily  arbitrary.  Attenuation  rates  end  excitation  factors  for  seven  modes  are  shown  in  figures  9 through  1 2 for  the  iso- 
infw  *ilt  fcw  fe  jfL  fcbffl  Hriwtll  lu  tan  Uk«o  ?'.<*  «Uk)  V Ui  (Uwftt  VX*  1*MK  DM  ulftaMMor  Htn  aw 

generally  less  for  propagation  to  the  East.  Table  11  gives  the  contnbutions  to  the  mode  sum  from  the  first  few  modes  for  three  separate 
cases:  1 ) The  isotropic  model  of  Wait  and  Spies  with  h = 90  Km,  2)  Full  wave  calculations  from  Snyder  and  Pappert  for  isotropic  propa- 
gation between  San  Diego  and  Hawaii  with  h'  = 84  Km,  and  3)  Anisotropic  calculations  for  propagation  from  San  Diego  to  Hawaii  As 
mentioned  previously,  the  isotropic  nighttime  results  from  Wait  and  Spies  show  equality  between  contributions  from  the  first  and  second 
modes  at  1/3  Krn  for  10.2  kHz  but  at  10  Mm  for  20  kHz.  Modal  constants  for  the  isotropic  model  with  slightly  lower  effective  ionospheric 


More  exact  estimates  are  given  in  DCA  Rept.  960-TP-74-5  (1974)  and  DCA  MEECN  Rept.  C650-TP-76-4  ( 1976). 
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TABLE  11 

COMPARISON  OF  RELATIVE  AMPLITUDES  OF  VARIOUS  MODES 

Propagation  Constants  Relative  Field  Strength  (dB)  at 


Model 

Frequency 

n 

a 

Re  A 

1/3  Mm 

1 Mm 

10  Mm 

Wait  & Spies 

10  kHz 

1 

1.5  dB/Mm 

-1  dB 

-1.5 

-2.5 

-16 

h = 90  Km 

2 

8.8 

1.3 

-1.6 

-7.5 

-86.7 

20 

1 

1.7 

-10 

-10.6 

-11.7 

-27 

2 

3.0 

2.5 

1.5 

-0.5 

-27.5 

Snyder  & 

10 

1,2 

1.7 

0 

-0.6 

-1.7 

-17 

Pappert 

3 

12.0 

1.8 

-2.2 

-10.2 

-118.2 

SD -Hawaii 

20 

1,2 

1.5 

-6.5 

-7.0 

-8.0 

-21.5 

isotropic 
h'  = 84  Km 

3 

3.7 

2.5 

1.3 

-1.2 

-34.5 

Snyder  & 

10 

2 

1.2 

-18.5 

-18.9 

-19.7 

-30.5 

Pappert 

1 

2.2 

-2.0 

-2.7 

-4.2 

-24.2 

SD  to 

3 

11.5 

1.8 

-2.0 

-9.7 

-113.7 

Hawaii 

20 

2 

1.7 

-11.0 

-11.6 

-12.7 

-28.0 

h'  = 84  Km 

1 

2.3 

-21.8 

-22.6 

-24.1 

-44.8 

3 

3.7 

3.0 

1.8 

-0.7 

-34.0 

reflection  height  as  calculated  by  Snyder  and  Pappert  are  generally  similar  to  those  of  Wait  and  Spies  except  that  the  second  mode  is 
attenuated  somewhat  more  rapidly.  The  anisotropic  modal  constants  are  quite  different.  Mode  2 shows  the  lowest  attenuation  rate  but 
is  so  weakly  excited  as  to  be  suppressed  even  at  10  Mm  at  10.2  kHz.  At  10.2  kHz,  mode  3 is  nearly  equal  to  mode  1 at  1/3  Mm  but  is 
rapidly  dominated  by  the  first  mode  at  greater  distances.  At  20  kHz,  mode  1 is  suppressed  at  all  distances  but  there  is  a change  in  domi- 
nance between  modes  2 and  3.  Indeed,  propagation  near  20  kHz  is  even  more  complex  than  indicated  by  Table  II  since  more  than  the 
first  three  modes  are  important.  Figure  13,  from  Snyder  and  Pappert,  shows  the  phasor  mode  sum  as  a function  of  distance  as  obtained 
by  summing  a partial  set  of  modes  and  summing  the  first  seven  modes.  Propagation  near  the  upper  end  of  the  vlf  band  is  thus  quite  com- 
plex. Since  the  variations  in  amplitude  with  distance  shown  in  figure  13  also  imply  irregular  variation  of  phase  with  distance,  propagation 
prediction  for  navigation  using  a frequency  near  20  kHz  would  be  considerably  more  difficult  than  prediction  for  a frequency  near 
10  kHz.  However,  Figure  4 indicated  the  feasibility  of  such  calculations. 

Phase  velocities  for  the  first  mode  are  shown  in  Figure  14.  Note  that  the  velocity  is  lower  at  night.  In  practice,  navigation  using 
phase  measurements  places  very  stringent  demands  on  knowledge  and  predictability  of  phase  velocity.  For  example,  an  error  of  one  part 
on  104  in  phase  velocity  would  cause  a position  error  of  one-half  mile  at  5,000  miles.  At  this  precision,  curves  such  as  those  in  Figure  14 
are  not  especially  useful  as  many  secondary  factors  can  contribute  to  change  the  velocity  significantly.  For  example.  Figure  15  from 
Wait  and  Spies  ( 1965)  shows  the  theoretical  variation  of  phase  velocity  with  ground  conductivity.  Note  both  the  miner  differences 
occurring  between  sea  water  and  normal  ground  with  a conductivity  near  10  mmho/M  and  the  significant  dependence  of  the  velocity 
when  the  conductivity  is  exceptionally  poor.  Theoretical  variation  of  velocity  with  ground  conductivity  for  10.2  and  13.6  kHz  is  shown 
in  section  3.3  for  both  day  and  night  conditions. 

A marked  variation  on  attenuation  rate  by  variations  in  ground  conductivity  also  occurs.  For  example,  at  the  Omega  frequencies 
an  attenuation  rate  of  a few  decibels  per  1,000  Km  might  be  considered  typical  for  propagation  over  sea  water  or  over  typically  conduct- 
ing land.  However,  over  ice  with  ground  conductivity  0.01  millimho/meter  the  attenuation  would  be  on  the  order  of  20  dB/ 1,000  Km. 

Perusal  of  figures  5 through  15  and  of  the  hundreds  of  functions  given  in  the  references  will  provide  a good  qualitative  and  quan- 
titative introduction  to  VLF  propagation.  However,  the  reader  is  again  cautioned  that  significant  variations  can  occur  with  latitude  and 
direction  especially  at  night  (see  section  4.4). 

3.1.2  Experimental  Observations 

The  most  important  changes  are  the  diurnal  variations  of  phase  and  amplitude.  They  are  typically  associated  with  ionospheric 
change  related  to  variation  of  the  solar  zenith  angle  over  the  propagation  path  being  studied.  Two  typical  examples  of  diurnal  variation 

ul  miipuiuJe  <tiv  miuw.'i  Ldi  i iguiLa  16  ajivl  If.  tlviv  ilidi  d.v  livid  Sifvugdl  rends  re  Ire  relisldtli  at  m&lil  <*  .d  dtretjas-s  reliOmui&  lire 

transit  of  the  sunrise  line  over  the  propagation  path  to  a lower  value  just  after  the  entire  path  becomes  sunlight  and  finally  reaches  a 
nmnuiar  utoir  ip-’  « t * ilaj.  IT  £-iufuuL.jwa  «lW  anni  mTwjr  tl  ftmjaH  ain  rwsr"U  \ Hi  o iliii  ctnf  9 £& 

and  lasts  for  about  an  hour.  Although  the  details  of  this  particular  sunrise  decrease  are  not  well  understood,  they  presumably  are  related 
to  both  the  dynamics  of  ionospheric  dissociation  and  recombination  rates  leading  to  daytime  equilibrium  and  another  phenomena  espe- 
cially important  in  the  20-30  kHz  frequency  range,  viz:  mode  conversion  caused  by  the  sunrise  line.  Typical  diurnal  variation  of  phase 
over  a long  west  to  east  path  at  10.2  kHz  is  shown  in  Figure  18.  A constant  or  “flat”  night  is  observed  shifting  into  a slow  variation  or 
“curvature”  during  the  day.  Diurnal  phase  variation  at  the  Omega  frequencies  is  discussed  further  in  section  3.3.  At  higher  frequencies 
within  the  VLF  range  phase  tends  to  be  somewhat  less  stable  during  the  night  but  more  stable  in  mid-day.  Figure  19  shows  that  the 
diurnal  variation  can  be  considerably  more  complex  than  is  usually  observed  at  10.2  kHz.  The  “steps”  during  transitions  are  probably 
due  to  modal  conversion  at  the  terminator.  A theory  for  the  step  phenomena  has  been  proposed  by  Crombie  (1964  U 1966)  and  has 
had  some  success  over  long  paths  (Lynn,  197 1 & 1973).  However,  if  the  results  shown  are  close  to  those  for  a similar  path  treated  by 
Pappert  and  Morfitt  (1975),  then  a more  complicated  modal  conversion  model  is  necessary  for  this  particular  path. 

As  previously  mentioned  and  shown  in  Figures  16  and  17,  field  strength  is  typically  repeatable  to  a standard  deviation  of  about 
1 dB  from  day  to  day  at  10.2  kHz.  Repeatability  of  phase  is,  however,  one  of  the  most  useful  properties  of  VLF  Phase  variations 

In*  |j  ZSQkl-  ^ ITryli.ni.iiJ  Ihf  iflnoKjrfiPf*  n?  'i  jLfllfj  to  a rrmcfc  l#wr  nf  tn  varvifi«n«  i"  ^munH  rnndnrtivitj 

Occasional  larger  variations  occur.  Already  mentioned  were  sudden  phase  anomalies  (SPA’s)  and  polar  cap  absorptions  (PCA’s).  Their 
effects  will  be  discussed  in  section  4,2.  Typical  stabilities  appropriate  for  single  propagation  paths  of  various  lengths  from  about  4 Mm 
to  10  Mm  are  given  in  Table  l. 
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TABLE  III 

STANDARD  DEVIATIONS  OF  VLF  SIGNALS 
(microseconds) 

Frequency 

Period  10.2  kHz  13.6  kHz 

Day  3 ps  2 ps 

Night  5 4 

Transition  4 4 

The  higher  Very  Low  Frequencies  tend  to  be  more  stable  during  the  center  portion  of  the  day  but  less  stable  at  night.  Typical  naviga- 

tional effects  on  Omega  are  discussed  in  section  4. 1 . 

In  all  discussions  of  the  repeatability  of  phase  measurements  it  is  very  important  to  draw  a distinction  between  day  to  day  statis- 
tical scatter,  or  ‘‘noise,”  and  electromagnetic  noise.  Repeatability  is  limited  by  the  stability  of  the  transfer  or  “mapping”  function 
affecting  the  signal  after  it  leaves  the  transmitting  antenna  and  until  it  is  received  at  the  receiver  (Swanson,  1970).  This  type  of  repeata- 
bility is  effected  by  random  variations  in  the  ionosphere  or  ground  and  will  not  improve  by  increasing  the  electromagnetic  signal-to-noise 
ratio.  Normally,  the  signal-to-noise  ratio  does  not  significantly  affect  repeatability  except  over  exceptionally  long  paths  and/or  with 
unusually  weak  transmitters. 

Natural  noise  at  VLF  is  primarily  due  to  electromagnetic  signals  radiated  from  thunderstorm  lightning.  The  total  thunderstorm 
noise  can  be  computed  on  a global  basis  from  all  “storm  centers”  (Maxwell  and  Stone,  1965).  In  addition,  the  noise  is  highly  impulsive 
and  proper  receiver  techniques  may  yield  improvements  on  the  order  of  15  dB  over  what  could  be  obtained  if  the  noise  were  Gaussian 
(Swanson  and  Adrian,  1973).  While  the  ambient  noise  is  usually  high,  arctic  areas  are  typically  quiet  and  reception  of  weak  signals  is 
common.  These  characteristics,  as  well  as  the  wide  variation  in  signal  strength  which  may  occur  depending  an  propagation  path  length, 
combine  to  give  stringent  specifications  for  VLF  receivers. 

A second  area  of  low  signal  strength  but  adequate  signal-to-noise  ratio  is  underwater  reception.  VLF  signals  are  unique  in  their 
ability  to  (icucliatt  sea  walci  to  useful  utpths.  At  iu  klU  the  attenuation  iaie  is  about  i iVb/metti  which  uidieates  reception  ai  So 
feet  8 Mm  removed  from  a 10  Kw  station. 

Propagation  blackouts,  of  the  type  sometimes  experienced  at  higher  frequencies,  are  rare  to  the  point  of  being  virtually  unknown 

at  VLF. 
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it  will  be  convenient  to  identify  various  approaches  to  vlf  propagation  prediction  and  then  elaborate  and  interrelate  certain 
approaches.  These  methods  can  be  categorized  as: 

1.  Complete 

2.  Full  Wave  Waveguide 

3.  Hop 

4.  Traditional  Mathematical 

5.  Parametric 

6.  Statistical 

A brief  background  on  each  of  the  methods  follows. 

3.2.1  Complete 

The  “complete”  approach  is  that  theoretically  optimum  method  which  has  never  been  implemented.  In  principle,  it  should  be 
possible  to  solve  field  equations  directly  in  terms  of  specified  boundary  conditions  at  the  surface  of  the  earth  and  in  the  ionospheric 
magnetopiasma.  In  practice,  of  course,  full  boundary  conditions  at  the  earth  boundary  would  have  to  reflect  existing  geographical  fea- 
tures in  detail  (especially  continental  shapes  and  ground  conductivity  variations),  while  specification  of  the  ionospheric  boundary  would 
require  detailed  information  on  electron  and  ion  densities  as  affected  by  geographical  position  and  the  sunrise-sunset  variation.  Even  if 
a full,  complete  formulation  were  possible,  it  is  questionable  whether  present  computers  are  of  sufficient  size  to  support  solution.  Cer- 
tainly, it  is  expected  that  the  complete  approach  would  be  unnecessarily  complex  and  uneconomical  in  practice. 

3.2.2  Full  Wave  Waveguide 

In  simplest  form,  the  full  wave  waveguide  approach  considers  a spatially  homogeneous  earth-ionosphere  wave  guide  wherein  the 
lower  boundary  is  specified  by  a specific  ground  conductivity  and  the  upper  boundary  by  r.n  arbitrary  electron  density  profile.  Correa 
differential  equations  for  propagation  are  specified  and  the  solution  is  worked  out  through  appropriate  algorithms  within  a large  digital 
computet.  The  approach  differs  from  the  traditional  in  which  problems  in  mathematical  physics  arc  solved  toward  as  nearly  a closed 
form  of  solution  as  possible,  and  then  computations,  if  any,  are  used  simply  to  evaluate  the  solution.  Many  workers  have  used  full  wave 
solutions  in  conjunction  with  wave  guide  notions.  Pappert,  Gossard,  and  Rothmuller  (1967),  following  Budden's  formulation,  were  first 
to  report  the  results  of  a program  which  fully  allowed  for  earth  curvature,  ionospheric  inhomogeneity,  and  anisotropy.  Subsequent  con- 
tributions on  different  aspects  have  been  published  bv  various  investigators  and  a more  general  book  was  written  bv  Galeis  < I9T2V 

3.2.3  Hop 

The  hop  or  ray  approach  to  radio  prediction  has  been  traditional  at  If  and  above  for  many  years.  Extension  to  the  vlf  range  is 
complex  in  that  the  wavelength  becomes  comparable  with  the  height  of  the  wave  guide.  Extension  of  hop  theory  to  the  very  low  fre- 

■jawrctei  -ft  ' fVrtTliWi  ‘V 
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3.2.4  Traditional  Mathematical 

Considerable  work  along  traditional  lines  has  been  accomplished  to  obtain  closed  form  solutions  for  vlf  propagation  within  an 
idealized  spherical  earth-ionosphere  wave  guide.  Variables  include  ground  conductivity,  exponentially  varying  electron  density,  and 
exponentially  varying  collision  frequency.  Magnetic  field  effects  are  accounted  for  in  certain  cases.  Major  work  along  these  lines  was 

i,.  Uit  owl*  1 partiastefty  Cy  Wail  (197  J).  i^aeiieal resales ere Ly  Waft  -oi.u  f),.resf ' 9 „,,u  'tlali  V'iVO  V 

See  also  Galejsi  1972), 

3.2.5  Parametric 

Parametric  approaches  do  not  intrinsically  seek  to  relate  observed  radio  quantities  such  as  phase  or  amplitude  to  inherent  geo- 
physical parameters  such  as  electron  density  profiles.  Instead,  relevant  propagation  parameters  such  as  attenuation,  velocity,  and  excita- 
tion are  assumed  to  be  specified  in  terms  of  readily  defined  path  characteristics  such  as  orientation,  latitude,  ground  conductivity,  diurnal 
period,  etc. 

Two  parametric  programs  are  of  special  importance  because  of  their  present  widespread  application;  both  are  historically  early 
developments.  The  Omega  sky  wave  correction  program  first  became  operational  in  its  present  format  in  March  1964.  The  program  is 
restricted  to  phase  prediction  at  specified  Omega  frequencies,  but  predicts  phase  24  hours  per  day  at  all  seasons.  Variations  were  initially 
incorporated  with  orientation,  ground  conductivity,  latitude,  sunspot  number,  and  diurnal  period.  The  second  program  of  major  interest 
is  the  RCA-NRL  program  developed  by  Schwartz.  This  program  was  based  on  earlier  work  at  higher  frequencies,  and  computes  amplitude 
for  various  frequencies  within  the  vlf  communications  band.  The  vlf  program  originally  included  variations  with  frequency,  diumal 
period,  orientation,  ground  conductivity,  zenith  angle,  and  latitude.  The  first  coverage  predictions  were  published  in  1965. 

Both  the  Omega  skywave  correction  program  and  the  RCA-NRL  program  have  been  extensively  modified  and  refined  since 
inception. 

3.2.6  Statistical 

Generally,  vlf  fields  tend  to  be  either  quite  stable  and  simply  explained  - e.g.,  at  long  range  at  navigational  frequencies  near 
midday  or  extremely  complex  - e.g.,  at  short  range  at  communications  frequencies  at  night.  Perhaps  because  of  this,  a moderately 
complex  statistical  model  tends  to  be  either  unnecessary  or  inadequate.  Accordingly,  the  author  knows  of  no  generally  applicable  statis- 
tical models  for  vlf  propagation,  although  most  models,  especially  the  parametric  ones,  may  be  statistical  in  that  input  parameters  are 
determined  statistically. 

O matkl-cfsp  51  TOftt  • <-*43*  fiwXV+JH*  aw*1  On  v Ly 

Kasper  (1970)  after  initial  feasibility  studies  at  the  Naval  Electronics  Laboratory  Center  (NELC).  The  model  is  especially  interesting  in 
that  it  operates  in  conjunction  with  the  Omega  skywave  correction  model.  The  parametric  skywave  correction  model  is  first  applied  to 
account  for  recognized  ^ afial  or  diurnal  variations,  and  then  an  error  field  is  developed  for  actual  observations  S atial  correlation  is 
then  evaluated  and  smoothing  conducted  to  whatever  extent  may  be  statistically  justified. 

3.2.7  Comments  and  Prognosis 

The  complete  approach  may  be  recognized  as  the  “correct”  approach  in  a fundamental  if  not  practical  sense.  Other  approaches 
be  4 crjct»titvtt4e  nfft  ,5  -aptAl®,  i icni  iogto  v fr, . 

The  full  wave  mode,  hop,  and  traditional  approaches  all  seek  to  determine  propagation  parameters  such  as  attenuation  rate, 
velocity,  and  excitation  based  on  input  such  as  electron  density  profiles,  ground  conductivity,  magnetic  field,  orientation,  and/or  reflec- 
tion coefficients.  In  the  mode  solutions,  the  propagation  parameters  are  deduced  for  the  various  modes  supported  by  the  wave  guide. 
Evaluation  of  the  true  received  field  thus  implies  a summing  of  contributions  front  various  modes.  The  hop  or  ray  approach  implies  the 
summing  of  various  rays.  One  mode  may  usually  be  expected  to  become  dominant  at  long  range,  while  one  hop  (or  groundwave)  may 
be  expected  to  become  dominant  at  short  range,  therefore,  hop  theory  may  offer  some  advantages  in  quicker  convergence  for  shorter 
paths  or  for  fixed  transmitter-receiver  separation,  while  the  wave  guide  approaches  oiler  advantages  for  longer  paths.  However,  the 
advantages  of  hop  theory  are  more  marked  at  If  than  vlf,  and  the  method  will  not  be  considered  further  here. 

WK  ♦tyiiT*iUVift-#ifc?lrtiXTlWKSX  V * CWWrdeC. 

and  sophistication,  is  obviously  more  limited  than  the  computer  approach:  exponential  ionospheric  electron  distributions  are  used  in  the 
traditional  method,  while  the  more  advanced  full  wave  methods  can  compute  modal  parameters  for  arbitrary  electron  density  profiles 
arid  also  incorporate  the  effecTs  of  ions.  Because  of  fire  complex  interrelationships  accounted  tor  In  fire  general  lull  wave  torm ulation, 
large  variations  in  propagation  parameters  can  occasionally  occur  due  to  minor  path  changes.  In  one  extreme  case  noted  by  Snyder 
wtiTAlUuf  2°  fttuta  <, nwkir 4n  1U* mtate «*  ui4D 

In  application,  the  full  wave  waveguide  approaches  require  various  geophysical  data  as  input  including  path  azimuth,  magnetic 
field,  ground  conductivity,  and  electron  density  profile.  Output  are  the  propagational  parameters  for  the  modes  supported  under  the 
input  cuiiuiliuos.  V*  hen  applied  tc  piuclica)  paths,  two  complications  nose,  f ly  Vhc  icquired  gCcpIi,  steal  input,  cspcc  .all,  t.  te  election 
density  profile,  may  not  be  adequately  known,  and  (2)  conditions  will  vary  along  propagation  paths,  so  some  type  of  path  segmenting 
must  be  employed. 

Extensive  efforts  to  deduce  electron  density  profiles  have  been  conducted  for  many  years.  Most  methods  of  deducing  electron 
density  profiles  do  not  work  well  in  the  ionospheric  D-rcgion.  The  best  data  appear  to  be  the  result  of  vlf  sounding.  Vertical  sounding 
mm'r:  kAm-ih  VU  ittalHnl  1*1 tfttffcur  et  t *9L2J  prMfr  kUnnmtt  > nlJhrti.TX  lt<y 

been  built  by  Hildebrand  at  Thule.  Hawaii,  and  in  the  Mojave  Desert.  Shellman  (1970),  using  the  full  wave  solution  as  a subroutine,  has 
developed  and  refined  electron  density  profile  determination  from  sounding  data  to  obtain  confidence  limits  on  the  results.  Profiles 
have  also  been  deduced  manually  by  comparing  full  wave  predictions  based  on  various  assumed  profiles  with  observed  flight  data  as 
shown,  for  example,  in  a recent  MEECN  report  (1976). 

Variable  propagation  conditions  along  the  path  have  been  handled  by  Bickel  using  the  WKB  technique,  which  is  valid  provided 
the  propagation pSrJnieier  vanatiorirs  slow.  An  application  ol  ton  wave  fiieoiy  using  an  cSsJmeil  electriJiiThensrty'prrifftc  and  ine ‘AlVb 


approximation  is  shown  in  figure  4 together  with  data  later  observed  during  flight  measurements  (Bickel  etal,  1970).  The  agreement  is 
excellent,  although  the  calculations  do  not  include  allowance  for  ionospheric  roughness.  Gossard  and  Paulson  (1964)  have  shown  typical 
OSfJiet  * tn.iimirii/i,-  • ' 2 N.  4 V.i  ft  4l«. ieilt  hl&Aj  ft  ea»t  incicaiied  wtiAm,  c4  ft  /idft 

modes.  Recently  theory  has  been  extended  to  include  mode  conversion  (Pappert  and  Shockey,  1974;  Pappert  and  Shock ey,  1975; 
Pappert  and  Morfitt,  1975). 

Parametric  approaches  nave  considerable  economic  advantages.  Also,  since  the  bulk  ot  such  programs  is  ordinarily  devoted  to 
bookkeeping  and  summing  of  the  various  functions  as  applied  to  path  segments,  the  programs  are  inherently  compatible  with  the  fu!i 
■iniVi.  suftAii  . 4ft*  Md  Are**  ft/kftKiii  (MWft  gii'.'fwt  Ot  A t^A  fuiftfio  ft  wtltf 

for  the  variations;  the  parametric  program  incorporates  these  and  performs  calculations  over  long  paths.  Parametric  approaches  work  best 
when  the  range  of  variables  which  must  be  considered  is  least  and  when  the  effects  of  geophysical  variations  on  the  propagation  param- 
eters ean  W St , M, a LCU . Ailllou^u  suiilc  sophistication  can  be  economically  mcotyioldlcd  lino  palaiUclilc  piuj^ialiis  10  aecou.it  ioi  valid* 

tions  which  are  not  readily  separated,  close  coupling  of  propagation  parameters  is  likely  to  necessitate  use  of  a full  wave  solution. 

t iAcl*.«  WM  t<i»iflt:tll>  gR<oai»MH<ttei  t-ptmMfcs  -and  «.  <MntM  • 

full  wave  program.  To  vary  the  result  of  a full  wave  program,  the  geophysical  input  must  be  changed  - most  likely  the  assumed  electron 
density  profile.  Such  changes  of  input  may  cause  significant  variations  in  phase  and/or  amplitude  not  only  at  the  frequency  of  interest 

Uul  dl  ULlici  flCk|UtilUCi  na  Vv  til  The  dlflicuft  its  in  picyioiiy  deducing  plaints  liaSccl  On  obsci  taliv  11s  lidv  c uiitdlly  l ecu  nltnlioned.  bull 

a parametric  approach,  simpler  methods  of  deducing  the  parameters  are  available  (Swanson,  1971). 

The  statistical  approach  has  the  disadvantage  of  not  incorporating  any  physical  variations  no  matter  how  well  understood.  Confi- 
dence in  the  results  derives  from  huge  quantities  of  data  and  the  associated  measurement  statistics.  The  principal  disadvantages  of  the 
statistical  approach  are  overcome  in  the  Omega  Force-Fit  technology  by  applying  the  approach  to  the  error  field  developed  after  applica- 
tion of  the  Omega  skywave  correction  parametric  model.  Ideally,  the  parametric  model  would  not  produce  an  error  field,  and,  hence, 
further  corrections  would  not  be  needed.  In  practice,  predictions  based  on  any  physical  model  will  exhibit  errors  due  both  to  intrinsic 
model  limitations  and  inaccuracy  of  the  required  input  such  as  ground  conductivity.  The  statistical  approach  allows  removal  of  prevailing 
errors,  at  specific  sites  where  sufficient  data  have  been  collected,  without  necessitating  basic  model  changes. 


Present  and  fu.ire  use  of  the  various  prediction  approaches  is  difficult  to  assess.  Clearly  the  “complete”  approach  is  of  only  aca- 
iMtkt  <OM  Ittu mull— dhi*l :Wt  Mhapumh1  I twttfLgl  felt* ' ul  Ihufi  <n4» Cxwu tttu’-A  fttV V*. 
underestimated  as  it  is  often  through  such  efforts  that  the  fundamental  nature  of  problems  can  be  understood.  Statistical  adjustments 
to  published  Omega  predictions  are  likely  to  remain  in  wide  use  as  the  principal  means  of  removing  known  local  biases.  However,  their 
importance  may  wane  somewhat  as  automatic  receivers  come  into  widespread  use  and  further  improvements  are  made  in  global  predic- 
tion theory.  The  global  model  for  Omega  phase  prediction  developed  by  the  author  and  described  further  in  section  3.3  is,  in  a sense, 
perhaps  the  most  widely  applied  model.  It  is  parametric  and  use  is  restricted  to  the  prediction  of  Omega  phase.  It  is  used  for  production 
oi  voluminous  propagation  correction  tables  issued  oy  iiiettyriiogiap'iucCei  ei  ot  ine  \).  5>.  lzelense  Mapping  Agency.  The  model,  or 
simplifications,  have  also  been  incorporated  in  various  automatic  Omega  receivers.  Because  of  calculation  efficiency  and  ease  of  adjusting 
parameters  for  best  accuracy,  the  method  or  extensions  of  the  basic  method  can  be  expected  to  be  in  widespread  use  into  the  future. 
However,  increased  use  of  full  wave  or  hop  calculations  may  be  anticipated  to  assess  coverage  areas  wherein  Omega  can  be  used  reliably 
with  the  model.  A parametric  computation  for  field  strength  at  the  vlf  communications  frequencies  is  extensively  employed  by  the  U.  S. 
Naval  Research  Laboratory  (NRL).  The  remaining  prediction  techniques  are  full  wave  mode  and  hop  developments. 


There  has  been  a significant  proliferation  of  full  wave  mode  and  hop  computer  programs  which  can  be  used  for  determining 

wbita  results  from  more  com  slev  i’rqg^ams  have  also  been  oom4  areif  e*,.,  that  of  lohler  with  that  of  Re-  - , and  also  the  NFT  C fnoaram 
developed  by  Pappert  with  that  developed  by  Berry  (Morfitt,  1972).  Choice  of  program  thus  depends  on  the  sophistication  available  and 
the  need  for  complexity,  cost,  and  familiarity  of  specific  worker:  with  the  various  approaches.  In  practice,  use  patterns  suggest  that  the 
IttfiCt  #o  iftuoftfttu*-  nmy  t ft s , ittipoffr  A.  , tfty .. ft  b7-.^.,^eenA  c l "re*  i . v,  * .-i i . 

Pitteway  (see  Smith  and  Pitteway,  1974).  Some  work  in  the  U.  S.,  particularly  at  If  and  the  communications  band  in  the  vlf  range  has 
used  Johler’s  program  using  zonal  harmonics.  The  U.  S.  Air  Force  is  using  the  Wave  Hop  program  by  Berry  for  a number  of  calculations 
in  the  vlf  and  If  ranges.  The  wave  hop  has  also  been  used  for  limited  Omega  computations  to  determine  fields  at  relatively  short  ranges 
(<  1 000  Km).  The  U.  S.  Navy  and  U.  S.  Coast  Guard  make  extensive  use  of  full  wave  mode  calculations  based  on  the  work  of  Pappert 
but  highly  refined  by  numerous  workers.  One  progr  .n  f special  note  is  the  Integrated  Prediction  Program  (1PP)  developed  by  Snyder 
and  Ferguson  (Ferguson,  1972).  This  program  determines  geophysical  parameters,  finds  he  modes,  and  computes  the  mode  sum  over  a 
long  great  circle  path  over  the  earth.  The  advantage  of  such  a sophisticated  program  for  practical  applications  is  obvious.  Current  work 
is  centered  in  two  areas.  Theoretical  extensions  to  include  mode  conversion  have  already  been  noted.  Since  Pappert  and  Morfitt  (1975) 
note  that  their  most  recent  mode  conversion  model  can  be  implemented  with  about  the  same  ease  as  a WKB  model,  it  seems  likely  that 
’. J»(m *44 nuMkt wMuvjevUvil tynilMUor. lUbu..  At-x.ri aU9» irtifcf'.U 
identified  in  the  course  of  solution. 


3.3  Phase  Prediction 

A paper  presenting  the  theoretical  formulation  used  for  Omega  phase  prediction  has  been  written  by  Swanson  (1971).  This  work 

phase  prediction  but  also  listing  the  FORTRAN  program  used  in  the  production  of  Omega  propagation  prediction  (or  skywave  correction) 
tables  used  with  Omega.  More  recent  program  documentation  has  been  written  by  Morris  and  Cha  ( 1974).  Considering  the  detailed 
documentation  available,  this  paper  will  present  but  a superficial  review.  Principal  attention  will  be  directed  at  the  factors  effecting  the 
spatial  variation  of  phase.  This  section  has  been  abstracted  primarily  from  the  aforementioned  1971  paper  including  some  editorial  revi- 
sion done  in  preparing  a more  recent  paper  (Swanson.  1975). 

3.3.1  Path  Definition 

The  first  problem  is  to  define  the  propagation  path.  It  is  mathematically  easiest  to  consider  a line  path  of  no  lateral  extent.  How- 
ever, Fermat's  principle  of  least  time  indicates  that  deviations  from  the  straight  optical  path  will  occur  if  propagational  velocities  are 

markedly  thHetcuHo  o.icStlc  ji  the  ndfeSa  pttu.  -jtttii  WeirinutTy  HcTiMthc  yatli  cotAtl  o«a1,  trit  eVJ.iqdir, it  tVic  ptitt.qjWaVieWddt 

coastline  or  if  the  sunrise  or  sunset  terminator  were  parallel  to  the  propagation  path.  Calculations  have  been  performed  under  idealized 
geometry  assuming  a nearby  terminator,  and  the  path  deviations  were  found  to  be  negligible. 
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Figure  20  shows  the  ray  hop  geometiy  for  propagation  from  a transmitt“’'  to  a r*>'-“i„er.  Rays  launched  nea'  the  ta^gen*  plane 
suffer  the  fewest  reflections  and,  hence,  contribute  maximum  field  strength  at  the  receiver.  Rays  launched  near  the  vertical  contribute 
almost  nothing  at  the  receiver.  The  illustration  suggests  that  ionospheric  conditions  directly  over  the  transmitter  or  receiver  are  of  little 
importance  in  determining  the  total  field  at  great  distance,  and,  hence,  some  regions  of  excitation  (and  de-excitation)  should  be  treated 
separately.  For  ionospheric  heights  near  80  km,  the  geometry  indicates  that  the  excitation  regions  should  extend  inward  from  the  ends 
of  the  path  by  somewhat  less  than  9°  of  arc  on  the  earth’s  surface. 

The  wave  guide  approach  does  not  yield  quite  as  simple  a visualization  of  the  relative  influence  of  the  path  ends.  However,  calcu- 
lations have  been  conducted  to  determine  the  spatial  extent  of  the  first  oblique  Fresnel  zone  assuming  various  propagational  parameters 
(Bradford,  1971).  The  midpoint  of  the  two  edges  was  typically  8°  removed  from  the  transmitter,  while  central  zone  (secular  ray)  calcula- 
tions were  typically  grouped  near  5°. 

The  spatial  extent  of  the  excitation  region  is  best  determined  experimentally  (Swanson  and  Bradford,  1971).  A typical  feature 
of  a vlf  phase  recording  is  a marked  variation  at  the  beginning  of  sunrise.  The  time  of  occurrence  of  the  sunrise  onset  was  first  determined 
for  certain  predominantly  north-south  paths  near  the  equinox  when  path  illumination  would  be  occurring  simultaneously.  It  was  found 
that  sunrise  began  when  the  zenith  angle  reached  98°.  Using  the  deduced  zenith  angle  to  define  the  commencement  of  sunrise,  ephemeral 
data  were  used  to  compute  the  time  of  the  beginning  of  sunrise  at  the  eastern  end  of  various  predominantly  east-west  paths.  As  expected, 
the  computed  times  occurred  significantly  earlier  than  indicated  by  corresponding  observations.  Knowing  path  orientation  and  latitude, 
the  time  discrepancies  were  converted  into  the  distance  along  path  at  which  the  effect  could  be  assumed  to  take  place.  The  effective  path 
shortening  is  0.1°  at  each  end,  which  is  in  accord  with  both  theoretical  treatments. 

3.3.2  Segmenting 

Having  deduced  that  the  propagation  path  on  a spherical  earth  can  be  approximated  as  a segment  of  the  great  circle  between  trans- 
.Tifnti  and  wfXjptf  talt  CVjWV  'lEouV- f iTKGteStkxi  if*:  it,’*  pr.  trsCjeei  Tii  r » * dr  fc  vJW  MuOyli  CiWlof  1 T f- — Hi,  li  it 
the  central  or  midpath  portion.  Assuming  a single  mode  model  and  slow  variations  of  the  propagation  parameters,  a simple  path  averaging 
technique,  where  phase  shift  is  added  from  one  path  segment  to  another,  will  be  appr.priate.  Phase  prediction  over  a long  path  then 
becomes  the  addition  of  excitation  phase  variations  at  the  ends  plus  a summation  of  incremental  phase  shifts  over  each  path  segment  in 
the  central  portion: 


^excitation  + ^de-excitation  + ^ ® ^i 
path 


(2) 


Phase  shifts  on  excitation  and  de-excitation  are  developed  based  on  respective  local  geophysical  conditions  at  the  path  ends,  whereas 
each  incremental  phase  shift  in  the  midpath  is  a function  only  of  geophysical  conditions  prevailing  over  the  path  segment.  The  phase 
shift  expected  over  an  incremental  midpath  segment  is  a complicated  function  of  various  path  and  geophysical  parameters  X j , X2, . . . , 
such  as  path  orientation,  magnetic  field  orientation  and  magnitude,  ground  conductivity,  etc.: 


6 = 6*(X,,X2,X3...) 


(3) 


An  alternate  form  of  practical  convenience  is 

5*  = 5 ^ [X,,  f (X j , X2),  X3,  g(X3,  X4), . . .1 


(4) 


where  various  geophysical  functional  relationships  have  been  specified,  i.e.,  certain  terms  have  been  arbitrarily  coupled.  Since  one  of  the 
component  dependencies  of  the  arbitrarily  coupled  dependencies  remains  as  an  independent  variable,  equation  4 can  retain  the  same 
complete  generality  of  equation  3 if  f and  g are  single-valued  functions  of  their  respective  arguments.  If  forms  of  the  functional  relation- 
ships are  chosen  so  that  cross  products  in  the  generalized  Taylor  expansion  drop,  Equation  4 may  be  expanded  to 


which  is  a linear  equation  of  the  form 


where 
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Substitution  into  equation  2 yields  the  phase  over  any  given  path 

~ ^excitation  + 'Pde-excitation  + (K  )^  E Xj 


= KTX 


(5) 

(6) 


where  K and  X represent  K'  and  I X'  redimensioned  to  incorporate  representations  for  excitation  and  de-excitation.  Phase  differences 
may  be  computed  by  applying  equation  5 to  the  component  path  segments  and  subtracting.  K may  be  found  by  regression  analysis  of 
observed  phase  differences. 
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3.3.3  Spatial  and  Temporal  Partitioning 

Obviously,  temporal  and  diurnal  variations  can  be  incorporated  directly  into  the  formulation  presented.  In  practice,  how- 
ever. it  is  more  convenient  to  treat  diurnal  variation  separately.  Addressing  a selection  of  data,  all  obtained  when  the  associated 
propagation  paths  were  dark,  allows  determination  of  the  spatial  variation  at  night  without  simultaneously  addressing  a wide  range 
of  diurnal  conditions.  Spatial  variation  during  the  day  may  be  similarly  determined  after  adjusting  data  to  correspond  to  normal 
illumination  over  all  component  propagation  paths  simultaneously.  Spatial  predictions  can  thus  be  developed  for  extreme  illumi- 
nation conditions.  Phase  predictions  for  conditions  of  intermediate  illunination  are  obtained  by  proportioning  the  day  and  night 
predictions  based  on  a diurnal  function  and  the  illunination  conditions  that  have  developed  on  each  path  segment.  Spatial  and 
diurnal  variation  are  thus  derived  independently. 

3.3.4  Spatial  Variation 

The  spatial  theory  for  phase  developed  by  the  author,  and  widely  used  for  global  Omega  propagation  predictions,  is  a 
parametric  theory.  The  art  in  the  development  is  choosing  a suitable  form  for  the  parametric  forms,  as  used  in  equation  (4),  so 
that  the  cross  products  drop  in  the  general  Taylor  expansion,  leading  to  equation  (6)  which  is  the  matrix  linearization  used  to 
compute  phase  shift  over  each  path  segment.  Detailed  parametric  forms  and  associated  coefficients,  as  determined  by  both  theo- 
retical considerations  and  regression  analysis  of  Omega  data,  are  given  in  the  references,  particularly  Swanson.  1971. 

Velocity  variation  with  ground  conductivity  is  addressed  by  discrete  coefficients  representing  velocity  variation  from  sea 
water  for  each  conductivity  range  used  to  represent  a discrete  conductivity  grade.  In  both  daytime  and  evening,  the  velocity  shows 
a rather  slow  momtonic  decrease,  with  decreasing  ground  conductivity,  down  to  a conductivity  of  10~4  mho/rn.  Further  decreasing 
ground  conductivity  from  10-4  j0  |0~5  mi10/m  means  a rapid  increase  in  velocity  is  predicted.  Three  parameters  are  used  to  repre- 
sent phase  shift  upon  excitation  or  de-excitation  of  earth-ionosphere  waveguide.  One  term  represents  a nominal  phase  shift  on  ex- 
citation, which  is  always  expected,  while  a second  represents  additional  phase  shift  expected  at  various  bearings.  The  second  term 
is  also  sensitive  to  omagnetic  dip  angle.  A final  excitation  term  allows  for  additional  phase  shift  when  the  excitation  occurs  over 

regions  el  ^ \ O ^ T. . t\  krfv  ground  £cu  i d CTO fr y nYcre  IS  ? xttL&ldii-fi&i  vafloTiof]  of  VziuSiFy  wfrti  gzuiiragucTic  dip  o , Igie.  S ' Jirhzi.ally, 

five  parameters  are  used  to  represent  a complex  variation  of  velocity  with  both  azimuth  and  geomagnetic  dip  angle.  Auroral  terms 
represent  an  abrupt  increase  in  velocity  for  propagation  under  the  auroral  zone  (beginning  just  above  60°  absolute  geomagnetic  lati- 
tude and  increasing  to  a maximum  variation  from  nominal  at  about  66°).  Anomalous  velocity  variation  is  also  found  to  occur 
throughout  the  polar  cap.  Velocity  variation  with  sunspot  number  is  included  in  regression  results.  As  previously  noted,  prediction 
coefficients  for  day  and  night  conditions  are  developed  separately. 


3.3.5  Diurnal  Variation 


A key  element  of  the  phase  prediction  theory  used  with  Omega  is  the  notation  of  a Diurnal  Function  (figure  21)(Swanson 
and  Bradford,  1971).  This  is  defined  to  operate  within  the  range  0 to  1 where  0 corresponds  to  idealized,  normally  illuminated 
<4ay  _ jmtltiorfl,  BfcT  ! steWe  fconJMunfc  -W  maj  Te  Ws/dgM  (ft  * iwtDSjjherit  fciWkig  tUnli*k/l  deftnw!  by  Ifi* 

solar  zenith  angle.  Given  sufficient  time  for  the  ionosphere  to  stabilize,  the  phase  delay  across  any  path  segment,  at  any  given  time, 
can  be  determined  from  the  diurnal  function  as  follows-.  First,  the  solar  zenith  angle,  cosine  of  the  solar  zenith  angle,  and  diurnal 
function  are  determined  for  the  path  segment.  Secondly,  the  phase  delays  expected  during  normally  illuminated  day  or  at  night 
are  computed  from  spatial  theory.  Finally,  the  intermediate  delay  is  computed  by  weighting  illumination  conditions  by  the 
diurnal  function.  Delay  over  a long  path  can  be  computed  by  summing  incremental  delays  over  the  various  path  segments. 

In  practice,  there  are  dissociation  and  recombination  rates  associated  with  the  ionosphere  and,  hence,  the  ionosphere 
possesses  an  effective  time  constant  at  any  given  height.  As  the  solar  zenith  angle  is  usually  changing,  stable  illumination  condi- 
tions rarely  occur.  More  generally,  the  ionosphere  approximates  a system,  with  an  effective  time  constant  being  forced  by  the 
diurnal  function.  The  effective  time  constant  ranges  from  1 /8th  hourduring  the  day  to  1 - 1 /8th  hours  at  night.  During  much  of 
the  24-hour  day,  when  the  diurnal  function  is  slowly  varying,  the  historical  influence  in  determining  effective  ionospheuc  phase 
height  is  slight,  and  the  diurnal  function  alone  is  a good  predictor  of  relative,  temporal  phase  variation. 

At  sunset,  and  especially  at  sunrise,  anomalous  phase  changes  occur.  The  abrupt  phase  shift  at  sunrise  occurs  with  the  first 
incidence  of  weak  light  which  has  already  passed  through  the  lower  layers  of  the  atmosphere.  Hence  we  speculatively  envision  a 
piucvsS  Suci,  a pli01crJcTacnjiie.il.  A lO.naiuus  l.a  isuicii.ai  suifls  aic  coutpUIeU  with  llic  aid  ui  uu.np  Schedules." 


The  diumal  function  explains  not  only  diurnal  behavior  near  mid-day,  but  also  seasonal  variation.  However,  there  is  a 
slight  relationship  between  the  slope  of  the  diurnal  function  at  the  zenith  and  the  phase  of  the  solar  cycle  as  represented  by  the 
sunspot  number. 

3.3.6  Prediction  Accuracy 

Spatial  prediction  biases  of  long-term  averages  from  global  prediction  theory  were  evaluated  by  Swanson  and  Kugel  ( 1 972b). 
and  found  to  be  typically  3.2  cec.  both  day  and  night.  At  the  time  of  the  evaluation  the  existing  data  base  heavily  reflected  obser- 
vations in  North  America,  Hawaii,  and  Western  Furope.  based  on  transmissions  from  Hawaii;  Forestport.  New  York;  Panama; 

T.  l.iiJiiJ , tlic  Glut-,  cl  K ,,  ,f.„ .... , , i , u,  id  old  Way.  PVc-v,  Juta,  I,  »!  yd  cC  nip, led  iii  id  analyzed,  J ill  piXiV.d  u f c"t  t .1  .«il  1 1 ...  n ip.  . i prc'J.C 
tions  over  a wider  range  of  geophysical  conditions.  Some,  at  least  temporary,  decrease  in  predictional  accuracy  should  be  expected 
Cor  i-ondit’oiis  substantially  different  from  *hnee  nseH  in  i!e»«»-mm'"g  prertiefion  eoeffieients  One  region  of  exceptionally  large 
prediction  errors  is  in  prediction  of  the  phase  of  the  North  Dakota  signal  in  Furope  and  the  Mediterranean  (Swanson.  1976).  Pre- 
diction errors  of  about  1 8 cec,  or  five  standard  deviations,  are  prevalent.  It  has  been  speculated  that  the  biases  may  be  due  to  propa- 
gational  effects  of  a stratified,  irregular  ground  in  central  Canada. 

Predictional  accuracy  during  transitions  is  difficult  to  assess.  Whereas  conditions  are  relatively  stable  during  night  or  near 
mid-day  so  long-term  averages  can  confidently  be  developed  and  readily  associated  with  given  illumination  conditions,  no  similar 
situation  exists  during  transitions. 

One  method  of  assessing  predictional  accuracy  during  transitions  is  to  consider  the  rms  variation  of  individual  hourly  phase 
differences  from  those  predicted.  This  technique  then  reflects  not  only  predictional  biases,  but  also  day  to  day  scatter.  One  such 


15-12 


analysis  was  conducted  by  Calvo  and  Bortz  ( 1974)  who  noted  a typical  24-hour  rms  discrepancy  from  predictions  based  on  global  theory 
of  12.5  centicycles  (one  mile  on  a baseline).  (They  also  evaluated  line-of-position  rms  discrepancy  after  application  of  the  statistical  force 
fit  adjustments,  and  found  an  error  on  the  order  of  0.6  nmi.)  As  typical  repeatability  of  the  phase  of  a signal  over  a long  path  was  given  in 
table  II,  and  also  determined  by  Swanson  and  Kuge!  (1972a)  as  on  the  order  of  3-4  centicycles,  one  would  expect  an  rms  discrepancy  on  a 
Ijtpj  *J  ftjpcflxJfe-  T.  k j|  Sipi.t'u  «®nJj()M4Ut.xjr  pfoatmiKiiliifr  ■•jrarTnyP.'.  fypert dll  ■ 

pair  combined  with  repeatability  over  the  same  paths,  or  about  7 cec  either  day  or  night.  Predictions  during  transitions  are  not  expected 
to  be  as  poor  as  would  be  required  to  explain  the  difference  in  expectation  in  the  rms  computed  by  Calvo  and  Bortz  over  the  24-hour  day 
Hcwjv.t,  hi  either  (.iltc . general  rms  uCCutaCy  IS  aX|iaCtvJ  tvj  ill  , I . t i ...  , dnfct  / tu  12.1,  ,,,  1" , cu.iAiaii  Lida.s  a,  v 1 1.  a i i v it.  ad, 

4.  NAVIGATIONAL  PERFORMANCE 

For  practical  purposes  it  is  convenient  to  divide  consideration  of  performance  into  consideration  of  typical  median  navigational 
accuracy  and  blunders. 

Nominal  repeatability  is  meant  to  include  statistical  variations  through  perhaps  the  95th  percentile,  and  is  well  represented  by  the 
standard  deviation  or  circular  error  probable.  It  is  directly  applicable  to  typical  operation  and  nominal  wander  about  intended  track. 
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gational  safety.  They  are  best  expressed  as  the  probability  of  some  specified  large  error,  as  might  be  associated  with  navigational  disaster. 

4.1  Median  Results 


Typical  performance  depends  on  navigational  geometry,  but  fundamentally  on  signal  properties,  including  measurability  and  pre- 
dictability, as  well  as  .epeatahility.  Signal-to-noise  ratios  are  typically  adequate  to  allow  accurate,  timely  measurement.  Many  equipments 
have  adequate  accuracy.  Typical  predictability  was  discussed  in  section  3.3.6  whereas  signal  repeatabilities  were  given  in  table  II 

Owing  to  the  rather  recent  advent  of  signals  from  eight  stations  on  a worldwide  basis,  a modern  evaluation  of  Omega  accuracy  on 
b nef  t*rr2  ora  Wp®  *'  jrtUp  uu*w?  i* r, i Snimwt**  *,  lb.  -jstdw'jkv  J io  [* 

and  the  Mediterranean.  Other  biases  may  also  be  expected.  If  these  biases  can  be  removed,  as  was  done  with  predictional  errors  in  the 
earlier  developmental  system,  then  an  accuracy  assessment  of  the  earlier  system  geometry  may  be  indicative  of  eventual  accuracy.  An 
evaluation  to  determine  potential  operational  accuracy  based  on  fixed  site  monitoring  was  conducted  in  1 969  (Swanson,  1 969).  Observa- 
tions were  systematically  sampled  at  various  hours  and  various  seasons  at  different  sites  so  as  to  estimate  year-round  navigational  accuracy. 
Lmilti  fr.jru  vtt  line  ui*mik«9  Sir  Vk «c ,f -tfUutia aid  HuU  Vjtt  j»«#  s S^int  w.-  vLatr.  «•  2!  FSyuru  2.1. 

shows  similar  data  for  May  1969  from  San  Diego,  New  York,  Miama,  Bermuda,  and  Wales,  Alaska.  Results  from  both  samplings  indicate 
a circular  error  probable  of  one  mile.  This  is  the  single  most  useful  estimate  of  Omega  accuracy,  that  is  that  applicable  over  a wide  area 
24-hours  per  day. 
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period,  predictive  accuracy  should  be  at  least  no  worse  than  nominal.  Removal  of  prediction  bias  through  extensive  monitoring  and 
“force  fit”  was  already  noted  as  useful  especially  for  high  or  critical  traffic  areas. 

4.2  Disturbed  Conditions 

Since  the  human  and  instrumental  blunder  modes  can  be  addiessed  through  design  changes  or  changes  in  procedures,  the  blunders 
of  fundamental  concern  are  those  associated  with  propagation.  Experimental  verification  of  highly  usual  deviations  is  extremely  difficult 
without  a causative  model,  as  there  is  high  likelihood  that  extremely  anomalous  data  variations  are  due  to  errors  in  the  reduction  rather 
than  operation,  e.g.,  recording  of  38  instead  of  83.  Some  care  must  also  be  given  to  the  relation  between  predictability  of  various  events 
and  blunders.  Events  which  are  not  now  predictable  may  become  predictable  in  the  future.  Even  if  predictable,  blunders  will  occur  if 
predictive  methods  are  not  implemented.  An  example  is  that  of  the  effects  of  eclipse  on  vlf.  This  effect  has  been  observed  by  various 
workers;  subsequently  predicted  by  Noonkester  and  Sailors  (1971 ).  Although  the  occurence  of  eclipse  is  highly  predictable,  no  effort  is 
made  to  incorporate  such  knowledge  into  practical  prediction,  and  thus  eclipses  although  rare,  are  an  occasional  source  of  significant  error. 

Because  of  the  aforementioned  difficulty  of  confidently  insuring  against  anomalous  measurement  or  data  processing  errors,  blun- 
ders are  best  addressed  by  discussing  their  geophysical  causation.  Nominal  phase  changes  due  to  ordinary  random  geophysical  variations 
are  not  associated  with  particular  geophysical  fluctuations,  but  ere  statistically  noted  in  determining  typical  navigational  performance. 
Occasional  severe  variations  are  addressed  through  geophysical  causation.  By  intent,  this  paper  addresses  primarily  nominal  propagation 
conditions,  and  is  weak  in  the  geophysical  morphology  of  various  events  capable  of  producing  significant  errors.  A companion  paper  by 
Larsen  (1976)  addresses  morphology  of  errors  in  detail.  However,  two  effects,  SIDs  and  PCAs.  are  of  sufficient  importance  that  they 
ttuul  U nJu.'.  [wit  Lttvn  U97*,),  jrbvBU  llte  am'iJte.'Msr -Mil JbadvnuiAiI iHts  ims-  for  Hatniminiijg  th..  -ffwts  ofslDs  *nH  WAs 
The  fundamental  data  cited  by  Larsen  is  valid  for  determining  SID  activity  over  long  sunlit  paths  and  PCA  activity  over  long 
transpolar  and  transauroral  paths  near  maximum  solar  activity.  It  has  been  speculatively  extrapolated  by  Swanson  (1974)  to 
iih/is.  typical  c.inJib  -iis  ffigurv  24,.  tire  RuoniialCefticm  of  tl  fa».c*iwi  tqir-c  All*-  it  'njJcs  cxfraptdttiinw  4*  Fypicaf 

conditions  rather  than  near-noon,  24-hour  operation  and  allowance  for  nominal  hyperbolic  cancellation  of  phase  advances.  PCA 
renormalization  is  similar  except  that  reduction  over  the  24-hour  day  is  not  applicable  PCA  renormalization  to  nominal  solar  activity  is 
speculative  since  there  is  an  insufficient  data  base  near  solar  minimum. 

Figure  24  shows  that  about  2 percent  of  the  time  the  nominal  scatter  expected  from  a normal  statistical  distribution  will  be  ex- 
,ti  drd  ditf  ,n  the  effect  of  Sit*  and  [f  As  The  difference  is  e«  eciallj  im  xirtant  when  assessing  the  (imhahiljtr  of  some  unusual  event 
such  as  a navigational  error  greater  than  5 miles.  There  is  virtually  no  probability  of  an  error  greater  than  5 miles  from  the  normal  distri- 
bution (an  excursion  of  over  10  standard  deviations).  However,  figure  24  shows  that  the  probability  of  an  error  that  large,  or  greater,  due 
to  an  SID  is  0 02  percent,  and  from  a PCA.  0.2  percent.  That  is.  a PCA  could  induce  an  error  of  that  magnitude  on  one  out  of  500 
occasions. 

4.3  Anomalous  Diurnal  Phase  Change 


Several  cases  may  be  defined  when  two  or  more  waveguide  propagation  modes  are  present:  I a highly  dominant  mode  with  slight 
aaliffiutiun  fKu  g Second  mode:  H htc  tfridj  tqmUiKxilsit  ®Wli  oni  **«J  LU  aMxupotrf  J Hd.igr  t«i 


modal  dominance.  For  illustration,  only  two  modes  will  be  considered.  In  Case  1 with  the  competing  mode  very  small,  the  ideal  propaga- 
tion condition  of  a single  dominant  mode  is  closely  approximated.  There  will  be  a slight  nonlinearity  in  the  variation  of  phase  with  distance 
wherein  the  error  is  quasi-sinusoidal,  with  a wavelength  determined  by  the  difference  in  the  phase  velocities  of  the  two  modes.  Case  II  with 
the  competing  mode  almost  equal  yields  a phase  error  as  a function  of  range  which  is  basically  similar  to  that  developed  in  Case  I,  only 
SMfcg*.  V.Mt  Ifc  t1. mt k M;  inr.gufciity  i at  ^ twirtwi  vj!  IMuiwu  41m  ikdtkigmmil*  «M«r.  rvi  ■■  If  !■ 

a function  of  distance.  The  maximum  phase  deviation  results  from  the  resultant  signal  being  pulled  in  quadrature  from  the  dominant  mode, 
and  is  thus  90°  or  25  cec,  corresponding  in  hyperbolic  geometry  to  perhaps  2 nmi  anomalous  position  variation.  Gallenberger  has  computed 
anomalous  phase  variation  forCases  1 and  II  (Swanson.  1971b).  The  effect  can  usually  be  considered  an  incidental,  although  sometimes 
moderately  large,  source  of  error,  but  not  a blunder  mode.  However,  the  effect  may  be  of  importance  in  lane  resolution,  and  has  been 
ffmlfWl  HUS  Miami. ' ifceH  { H«  ®0  ft.ttJc  .'■.aHWeii.i..*  cl  IT.fffc1gWKrfW,  parter.Atc 

determine  propagation  parameters.  It  is  Case  111  when  the  modal  dominance  changes  that  special  care  is  needed.  Diurnal  changes  of  mode 
dominance  may  occur  on  numerous  patlis  at  the  vlf  communications  frequencies,  and  can  also  occur  at  the  Omega  frequencies  in  the  case 
of  certain  westbound  equatorial  or  irans-equatorial  paths.  Signals  which  may  undergo  changes  in  modal  dominance  are  best  considered 
unusable,  but  can  be  used  under  special  circumstances  (Swanson,  1975a). 


When  modal  dominance  changes  between  day  and  night,  it  is  self-evident  that  at  some  time  the  two  modes  must  be  of  equal  ampli- 
tude. If  tile  signals  are  in  phase  at  equality,  an  arithmatic  addition  of  field  strength  would  occur  and  there  would  be  no  anomalous  phase 
shift;  if  out  of  phase,  the  signals  would  cancel.  Generally,  some  intermediate  condition  will  prevail.  Depending,  in  detail,  on  the  relative 
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ated  with  a one  cycle  phase  change  may  actually  show  no  phase  change,  or  a two-cycle  variation.  The  naviga.ional  effect  of  this  cycle 
slippage  is  an  anomalous  position  displacement  into  an  adjacent  “8-mile”  navigational  lane  without  loss  of  phase  tracking. 


Cycle  slippage  has  been  discussed  by  Swanson  (1972)  using  the  phasor  sum  from  field  contributions  by  two  modes.  Diurnal  varia- 
tion of  phase  and  amplitude  are  represented  by  the  phasor  loci  shown  in  figure  25. 


Figure  25a  corresponds  to  a first  mode  over  a long  path  which  experiences  a or  -cycle  phase  variation  during  a transition  while  the 
amplitude  varies  slightly.  Figure  25b  shows  the  corresponding  second  mode  varying  by  two  cycles  while  the  amplitude  would  vary  from 
very  low  during  the  day  (but  exaggerated  in  the  illustration)  to  substantial  at  night.  The  reference  cited  shows  the  phasor  sum  for  realistic 
parauittvTtf^ftgnrt  2r  C,  Two  types  of  tl  ausi8  arc  -snvwui  .1  w rvfcrtTv  p'hvrat  . ..T.  it  eii  the  two  .T.  ,J  ■S  tijliirtt.v  Jay.  F \ji 

a relative  phasing  of  three  radians,  the  transition  tends  to  ramp,  largely  as  expected , from  a single  mode  alone,  but  with  a marked  minor 
anomaly  in  mid-transition,  and  some  phase  puiling  from  one  cycle  at  night.  For  a relative  phasing  of  two  radians,  however,  there  is  an 
anomalous  cycle  slip  where  the  transition  gains  an  extra  cycle.  As  can  be  seen  from  the  accompanying  phasor  loci,  whether  or  not  the 
cycle  slip  occurs  depends  upon  whether  or  not  the  “loop”  in  the  composite  locus  encompasses  the  origin.  This,  in  turn,  is  critically  de- 
pendent on  the  absolute  phasing  between  the  two  propagation  modes  during  the  day  (or  equivalently  at  night  in  this  model).  The  absolute 
phasing  over  long  paths  is.  however,  variable  as  a result  of  nominal  ionospheric  changes.  Thus,  cycle  slippage  may  or  may  not  be  a repeat- 
able  feature  from  day  to  day. 


Although  a severe  fade  will  often  accompany  cycle  slippage,  the  danger  is  that  adequate  signal  may  remain  for  continuous  tracking. 
In  this  case  a large  positional  error  could  occur  without  the  user  being  aware.  The  best  safeguard  is  respect  of  coverage  restrictions  to  areas 
of  single  mode  dominance. 


4.4  Coverage  Limitations 


The  importance  of  coverage  considerations  to  avoid  cycle  slippage  was  mentioned  in  the  preceding  section.  In  addition,  if  some 
significant  contribution  is  being  made  by  other  than  the  dominant  mode,  it  is  necessary  to  determine  that  the  anomalous  phase  variation 
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normal  track  navigation,  but  not  for  lane  resolution.  Significant  limits  are  imposed  by  self-interference  wherein  a signal  propagated  around 
the  earth  on  the  long-p^th  will  interfere  with  that  obtained  over  the  short  path.  The  aforementioned  limitations  *i|  apply  even  though 
associated  signals  may  of  substantial  amplitude  and  apparent  phase  stability.  Another  coverage  restriction  is  that  the  signals  present  ade- 
quate signal-to-noise  ratio  for  accurate,  timely  measurement. 
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sary  for  assessment  became  available  in  the  mid-1960s,  the  first  scientifically  documented  full  wave  work  was  that  of  Sailors  (1970)  in 
1970.  Most  work  has  been  within  the  last  two  years.  Swanson  and  Dick  (1975b)  published  a limited  assessment  for  North  America  and 
the  North  Atlantic.  More  recently,  Swanson  (1975c)  examined  coverage  in  India  in  considerable  detail  by  computing  both  long  and  short 
path  signals  from  all  Omega  transmitters,  and  thus  contributing  to  the  available  inventory  of  computed  Omega  radials.  The  most  substan- 
tial effort  to  determine  Omega  coverage  was,  however,  that  of  Bortz,  Gupta,  Scull  and  Morris  (1974).  They  employed  a modification  of 
the  Naval  Electronic  Laboratory  Center  (NLLC (-developed  Integrated  Prediction  Program  (1PP),  described  by  Ferguson  ( 1 972).  for  the  full 
wave  computations.  Supporting  radials  are  given  in  a report  by  Gupta  (1974).  The  work  of  Bon/,  et  a)  included  estimation  of  prevailing 
noise  conditions,  but  is  conservative  in  that  no  allowance  was  made  for  effective  improvement  in  signal-to-noise  ratio  through  nonlinear 
processing  techniques,  while  an  improvement  of  1 5 dB  may  be  expected.  However,  the  results  are  comprehensive  and  are  reproduced  as 
figures  27  and  28.  Note  that  signal  coverage  is  given  wothout  addressing  the  influence  of  navigational  geometry. 

5 CONCLUSIONS 
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of  nominal  propagation  conditions  based  primarily  on  waveguide  notions.  Mechanisms  for  progatationally  induced  navigational  blunders 
have  been  noted.  However,  detailed  discussion  of  the  morphology  of  propagational  events  has  been  avoided  in  this  paper.  A companion 
paper  by  Larsen  d escrows  these  events  in  detail. 


BIBLIOGRAPHIC  COMMENT 

Many  review  papers  are  developed  through  combining  and  revising  past  works.  This  is  no  exception.  Some  comment  on  fournla- 
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attention  to  phase  prediction,  This  is  less  due  to  direct  abstraction  from  the  note  than  to  common  origins.  Both  are  based  heavily  on  up- 
dates of  lectures  given  at  the  University  of  Michigan  in  1967  and  1968.  particularly  the  1 969  revision.  Also  extensive  use  was  made  of  a 


paper  on  phase  prediction  (Swanson,  1971b)  and  a paper  on  Omega  (Swanson,  1971c).  An  additional  reference,  not  cited  explicitly  is 
Burgess  and  Jones,  1975,  which  is  a review  of  LF  and  VLF  propagation,  and  can  profitably  be  read  in  conjunction  with  this  work  No 
attempt  was  made  to  make  the  references  exhaustive.  Rather,  recent  work  by  active  authors  has  been  cited,  as  well  as  certain  funda- 
mental works.  Finally,  apology  is  given  for  extensive  reference  to  work  by  Swanson.  However,  as  Jr.  J.  R.  Wait  noted  in  an  aside  in  a 
review  paper  of  his  at  a meeting  in  Spaatind.  I am  most  familiar  with  my  own  work. 
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Figure  1 . Omega  station  locations. 
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10,2  KC/S  TRANSMISSION  SEQUENCE 
Figure  2.  Simplified  10  2 kHz  transmission  format. 
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Figure  3.  Omega  signal  format. 
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Figure  4.  Comparison  of  predicted  and  observed  amplitude  at 
night,  23.4  kHz  (from  Bickel,  Ferguson,  and  Stanley,  1970). 


Figure  5.  Theoretical  attenuation  rates  for  first  mode  (from 
Wait  and  Spies,  1964). 
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Figure  6.  Theoretical  attenuation  rates  for  second  mode  (from 
Wait  and  Spies,  1964). 
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Figure  12.  Magnitude  of  the  excitation  factor  in  dB  versus 
frequency.  San  Diego-to-Hawaii,  solid  curves.  Isotropic  iono- 
sphere, dashed  curves  (from  Snyder  and  Pappert,  1969). 
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Figure  1 3.  Amplitude  of  the  vertical  component  of  the  elertnc 
field  at  the  ground  in  dB  above  1 pv/m  for  1 kilowatt  of 
radiated  power  versus  distance  for  the  SH  path  (from  Snyder  and 
Pappert,  1969). 
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Figure  14  Theoretical  phase  veloc'ties  (from  Wait  and  Spies, 


Figure  1 5.  Phase  velocity  for  a wide  range  of  ground  conductivi- 
ties (from  Wait  and  Spies,  1964). 
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Figure  16.  Plot  of  average  field  strength  (A)  and  corresponding 
standard  deviation  (B)  for  10.2  kHz  signal  redeved  at  Rome,  N.Y. 
from  Haiku,  Hawaii,  24  October  10  November  1962. 
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Figure  17.  Plot  of  average  field  strength  (A)  and  corresponding 
standard  deviation  (B)  for  10.2  kHz  signal  received  at  Farfan,  C.Z., 
from  Forestport,  N.Y.,  27  November  21  December  1962, 
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Figure  18.  Average  10,2  kHz  phase  of  Haiku,  Hawaii  received  at 
Forestport,  New  York,  17-24  May  1966.  Standard  Deviation 
approximately  2 cent  icy  cles. 
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Figure  19.  19.8  kHz  NPM  (Hawaii)  phase  recorded  in  San  Diego, 
9 -12  July  1965  (from  Bickel). 


Figure  20.  Ray  hop  propagation  modes. 


o during  PCA 


Figure  22.  Polar  plot  of  Omega  fix  errors.  California  and 
New  York,  two  year  sampling. 


Figure  21 . The  diurnal  function. 
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SUMMARY 


The  operation  of  OMEGA  radionavigation  system  world* id* coverage  may  be  locally  improved  as  far  as 
accuracy  and  reliability  are  concerned,  by  taking  into  account  corrections  by  a fixed  shore  station  called 
differential  OMEGA  station. 

This  paper  describes  telemetering  format  used  in  France  and  gives  some  experimental  results  obtined 
at  the  differential  OMEGA  stations  of  lie  d'Yeu  and  Cap  Couronne,  on  French  coasts. 

I.  INTRODUCTION 

Differential  OMEGA  is  a navigation  system  which  can  improve  the  accuracy  of  standard  OMEGA  with  a 
coverage  of  about  300  nautical  miles  around  an  OMEGA  differential  station  located  on  land. 

The  principle  of  differential  OMEGA  is  already  described  in  other  papers  (BROGEN,  K.W.  and 
LUKEN,  K.O.L.,  1966  ; NARD,  G.,  1971  ; SWANSON,  E.R.  1974)  and  is  now  well  known  : an  OMEGA  receiving 
station  placed  on  land  compares  theoretical  values  of  OMEGA  coordinates  with  observed  values  and  broadcasts 
observed  corrections  to  sailors  in  a 100  to  300  nautical  miles  radius  circle. 

With  the  French  coding  system,  the  corrections  are  automatically  used  by  the  receiver,  so  that  the 
sailor  only  reads  coordinates  on  the  receiver. 

II.  DESCRIPTION  OF  THE  CODING  FORMAT  TESTED  IN  FRANCE 
II. 1.  General 

The  format  developed  in  France  for  transmission  of  differential  OMEGA  corrections  is  based  on  the 
following  choices  : 

- phase  corrections  are  transmitted  for  each  single  OMEGA  station  with  no  connection  with  corrections  for 
other  stations,  in  a sequence  exactly  superimposed  to  the  transmission  cycle  of  OMEGA  stations.  In  other 
words,  the  phase  correction  for  a given  OMEGA  station  is  transmitted  in  the  real  time  where  this  station 
transmits , 

- the  phase  reference  is  given  by  the  local  oscillator  of  the  OMEGA  receiver  of  the  corrections 
transmitting  station.  The  frequency  stability  of  the  local  oscillator  is  the  same  as  that  of  a standard 
receiver  (i.e.  around  10~7), 

- corrections  are  transmitted  in  an  analog  form, 

- the  information  modulates  in  phase  a 20  Hz  sub-carrier  which  also  modulates  a carrier  frequency  in 
phase,  with  a modulation  index  smaller  than  0.8, 

- the  carrier  frequency  is  that  of  a maritime  radiobeacon  which  transmits  either  on  a continuous  or 
sequential  basis. 


To  help  understanding  the  reasons  for  these  choices,  some  information  will  be  given  on  the 
operation  of  correction  transmission  in  paragraphs  II. 2 and  II. 3 hereafter. 


II. 2. 


Description  of  the  transmission  format 

Figure  1 shows  a block  diagram  of  the  operation  of  a differential  OMEGA  corrections  transmitting 
station.  This  station  is  in  three  parts  : 

- a modified  OMEGA  receiver  for  the  reception  of  fundamental  OMEGA  signals, 

- a coder  modulator  which  shifts  the  phases  of  the  signals  received  from  the  OMEGA  coordinates  computed 
for  the  correction  transmitting  station,  applies  the  resulting  phases  to  a 20  Hz  sub-carrier  and 
modulates  the  radiobeacon  master  oscillator  with  this  sub-carrier, 

- the  radiobeacon  itselft. 

The  OMEGA  receiver  successively  receives  the  signals  from  the  OMEGA  stations.  Assume,  for  instance, 
that  stations  A,  B,  D and  G are  correctly  received,  E,  F and  H are  more  or  less  weakly  received  and  C 
is  not  received! 1). 

After  an  amplification  and  reshaping  of  the  10.2  kHz  signal  before  mixer  Ml,  the  signal  has  the 
form  shown  in  figure  2 (signal  1). 

The  following  notations  will  be  used  : 

fa 

- dg  = distance  between  OMEGA  station  A and  the  correction  transmitting  station  S 

fa 

- d„  = distance  between  station  A and  ship  M 

g 

- d„  = distance  between  station  S and  ship  M 

- F = OMEGA  transmitting  frequency  (10.2  kHz) 

- f = transmitting  frequency  of  the  radiobeacon  associated  with  the  correction  transmitting  station 

fa 

- Cg  (t)  = propagation  speed  of  the  resultant  phase  on  A-S  for  time  t 

fa 

- C„  (t)  = propagation  speed  of  the  resultant  phase  on  A-M  for  time  t 

M 

A 

- Cg0  = theoretical  phase  propagation  speed  on  A-S 

-.A  = phase  of  the  signal  from  OMEGA  station  A during  the  i-th  step  of  the  signal  processing 

T i 

- = initial  phase  of  OMEGA  stations,  the  same  for  all  stations 

-^>OL-  = initial  phase  of  the  local  oscillator  i 

- equivalent  notations  for  signals  from  stations  B,  C etc... 

A B 

- k^,  k^  etc...  are  integer  numbers,  positive,  negative  or  null  such  that  all  phases  be  within  (0  - +2"n"). 


The  following  conditions  are  considered  as  being  met  : 

- phase  propagation  speeds  C*  (t),  Cg  (t)  etc...  and  (t),  (t)  etc...  are  constant  during  the 

duration  of  an  OMEGA  sequence  (10  seconds), 

- the  frequency  stability  of  local  oscillators  used  in  OMEGA  receivers  of  station  S and  of  ship  M is  good 
enough  for  the  ratio  between  the  OMEGA  frequency  and  the  local  oscillators  frequency  to  be  considered 
constant  during  an  OMEGA  sequence. 


Before  mixer  1,  the  phase  of  the  signal  received  from  station  A is  : 
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After  mixer  Ml,  the  sequential  signal  has  the  same  form  as  that  of  signal  1 in  figure  2 but  its 
frequency  is  reduced  to  1.2  kHz  and  the  phase  of  the  segments  are  : 
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The  demultiplexer  separates  the  signals  from  the  different  OMEGA  stations,  selects  several  of 
them,  5 for  instance  (it  is  the  number  chosen  for  the  two  differential  OMEGA  stations  presently  in 
service  in  France)  stores  their  respective  phases  with  5 identical  phase  control  (b|  to  CP 

which  time  constant  is  around  100  seconds.  • T* 


which  time  constant  is  around  100  seconds. 

If  the  selected  stations  were  A,  B,  D,  E and  G,  then  : 
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Then  phase  shifters  H-Atfs  substract  from  these  5 phases,  phases  such  that 
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The  terms  actually  are  the  fractionary  part  of  the  theoretical  hyperbolic 

coordinates  A - E,  B - E,  D-E,  G-E,  of  station  S as  they  can  be  obtained  from  the  chart. 
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It  should  be  noted  here  that  : 

- the  values  Af,  - result  from  theoretical  calculations  and  are  therefore  £ixed  once  when  the  station 
is  commissioned  but  if  the  charting  has  been  changed  in  the  meantime, 

- the  choice  of  the  reference  OMEGA  station  (E  in  the  chosen  example)  is  arbitrary  and  makes  no  difference 
between  this  station  and  the  seven  others.  As  will  be  seen  in  the  description  of  the  corrections 
receiver,  the  system  could  even  work,  be  this  station  off  the  aiv. 
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The  multiplexer  located  after  the  phase  shifters,  controlled  in  synchronism  with  the  demultiplexer 
from  the  OMEGA  format,  sets  the  signals  etc...  in  a sequence  according  to  a format  identical 

to  the  OMEGA  format  ; the  segments  with  no  correction  (C,  F and  H in  the  given  example)  are  left  void, 
and  the  1.2  kHz  si,pnal  has  the  shape  of  signal  2 in  figure  2. 


follows 


Mixer  M2  brings  the  -'gnal  frequency  to  20  Hz.  Phases  on  segments  A,  B,  D,  E and  G are  then  as 
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The  shape  of  the  signal  remains  that  of  signal  2 in  figure  2.  This  sequential  signal,  which 
frequency  is  20  Hz,  phase  modulates  the  radiobeacon  carrier  with  a modulation  index  of  0.8.  The  mathema- 
tical value  of  the  signal  transmitted  by  the  radiobeacon  is,  during  transmission  of  segment  A : 

E CoS  [ ZTT^t  4 0.8  CoS  (Uo-irt  + ] 

then  during  segment  B : 

E CoS  £ iir|t  + O.g  CoS  ( Uc  irt  + (f®  ) + <^]  ' etc. . . 


II. 3. 
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Description  of  corrections  reception 

Block  diagram  1 of  figure  3 shows  how  corrections  are  received  in  the  general  situation. 
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At  the  same  time  the  corrections  receiver  will  receive  the  following  signal  on  the  radiobeacon 
frequency  f during  segment  A : 

E CoS  £ -ITT  4 0.8  C05  (4oTt  + if*  ) + <f  J 

I 

where  is  different  of  V|)  because  of  the  time  of  propagation  between  station  S and  ship  M. 

Likewise  on  the  following  segments. 

The  discriminator  which  follows  reception  circuits  gives  a 20  Hz  sequential  signal  which  shape  is 
similar  to  that  of  signal  2 in  figure  2 and  where  has  disappeared. 

The  demultiplexer  which  follows  the  first  phase  discriminator,  controlled  by  the  OMEGA  format, 
separates  the  segments  and  selects  four  of  them. 

The  control  of  the  demultiplexer  of  the  OMEGA  receiver  and  of  that  of  the  corrections  receiver 
are  coupled  so  that  the  same  stations  are  selected.  Suppose  for  instance  the  operator  chose  to  display 
couples  A-D  and  B-G.  Segment  A,  D,  B and  G are  sent  to  four  20  Hz  detectors  which  give  phases  ' 

andlf^as  voltages.  These  phases  are  substracted  from  those  stored  in  the  demultiplexer  channels  of 
the  OMEGA  receiver. 

Eventually,  in  the  chosen  example,  the  input  of  the  first  phasemeter  of  the  OMEGA  receiver 
receives  1.2  kHz  signals  which  phases  are  : 
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where  ‘feci  is  the  phase  introduced  by  the  local  oscillator  of  the  ship's  OMEGA  receiver. 
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The  phasemeter  then  displays  ( % - % i>e  ! 
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Mocj  has  disappeared.  Furthermore  the  substraction  takes  out  terms  Z H V » ' ‘fc'L  | 
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Then  : 


ts  is  \ct  cL)  \ c»(t)  c?wj  « » 


where  the  second  and  third  terms  are  the  differential  OMEGA  phase  correction  applied  to  the  natural  phase 
difference  ^ ^ 

II. 4.  Advantages  of  the  chosen  format 

II. 4.1.  Transmission  of  corrections  for  each  single  OMEGA  station 


The  very  advantage  to  -transmit  phase  corrections  for  each  single  OMEGA  station  is  that  it  makes 
possible  for  the  mariner  to  choose  the  station  couples  he  wants  to  use. 

The  number  of  stations  which  can  be  received  it  a given  location  varies  from  3 to  7.  Practically 
reception  trials  performed  by  the  French  Navy  in  Western  Mediterranean  gave  the  following  results  : 


Station 

Name 

Reception  quality 

Proportion  of  time 

Aldra 

A 

5 on  5 

24  h per  day 

Liberia 

B 

5 on  5 

24  h per  day 

Hawal 

C 

0 on  5 

North  Dakota 

D 

1 to  3 on  5 

24  h per  day 

Reunion 

E 

1 to  2 on  5 

12  h per  day 

Argentine 

F 

2 to  3 on  5 

18  h per  day 

Trinidad 

G 

4 on  5 

24  h per  day 

Japan 

H 

1 to  4 on  5 

18  h per  day 

This  table  shows  that  7 of  the  8 stations  are  received  but  that  only  3 (A,  B,  G)  are  permanently 
received  correctly,  the  reception  of  the  others  being  bad  during  part  of  the  time.  Furthermore  stations 
F and  H are  most  often  alternatively  received. 

The  best  choice  of  OMEGA  stations  in  a given  area  then  depends  on  the  time,  the  season  and  there- 
fore it  is  necessary  to  transmit  phase  corrections  for  the  highest  possible  number  of  stations;  further- 
more the  mariner  is  helped  if  he  does  not  need  to  look  in  the  sailing  directions  which  stations  are 
corrected  in  a given  area  and  if  his  differential  OMEGA  receiver  tells  him  automatically  which  segments 
are  corrected  and  which  are  not. 

11. 4. 2.  Analog  transmission  of  signals 

The  main  advantage  of  analog  transmission  for  the  correction  is  that  it  is  then  possible  to 
design  corrections  receivers  which  are  easily  fitted  to  standard  OMEGA  receivers  : the  principle  is  show 
on  figure  2 (block  diagram  2).  In  this  type  of  receiver,  the  phase  modulated  20  Hz  signal,  obtained  after 
one  single  phase  demodulation  of  the  carrier,  is  directly  applied  to  the  local  oscillator  of  the  OMEGA 
receiver  which  it  modulates  in  phase.  The  storage  and  display  circuits  directly  use  the  OMEGA  signals 
which  are  automatically  corrected  with  the  local  oscillator  changes  ofphase  which  are  proportional  to 
the  corrections  to  be  applied  to  each  segment. 

11. 4. 3.  Transmission  by  phase  modulation  of  a sub-carrier  which  modulates  the  carrier  in  phase 


With  identical  coding,  the  chosen  modulation  gives  a greater  range  than  a system  which  would  use 
a phase  modulation  of  the  amplitude  modulation  as  most  of  the  radiated  energy  is  in  the  carrier  itself. 

It  can  be  established  that  with  the  chosen  modulation  index  (0.3),  98  % of  the  radiated  energy  is  in  the 
central  component  and  the  two  first  lateral  components,  the  maximum  frequency  deviation  being  +16  Hz  fran 
the  central  frequency. 

Furthermore,  the  transmission  of  the  useful  signal  by  phase  modulation  of  a sub-carrier  and  not 
of  the  carrier  itself,  makes  it  possible  to  get  rid  of  the  influence  of  the  length  of  the  path  of  waves 
at  frequency  f between  station  S and  ship  M.  Therefore  the  correction  signals  can  be  used  either  on  the 
skywave  or  on  the  groundwave  of  the  signal  received  from  the  corrections  station. 
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II. 4. 4.  Use  of  a radiobeacon  signal  as  a carrier1 

The  advantage  of  using  a radiobeacon  signal  as  a carrier  is  obvious  bee  lse  of  the  difficulty  to 
get  new  frequencies  for  maritime  radionavigation. 

It  should  be  fine  to  use  only  radiobeacons  working  continuously  to  transmit  differential  OMEGA 
corrections,  both  becauseof  the  1 D.'s  which  can  reach  50  cecs  in  a few  minutes  and  to  simplify  the 
design  of  corrections  receivers  <>s  shewn  above  in  II. 4. 2. 

Buc  th*  correction  transmission  format  can  be  adapted  to  a sequential  transmission  of  the 

havin^  a 3 < p-'  »r«3  hp-Fr>r»p  thp  sp  npnrf  of  trvmsnn  on  o f (H  f foZWlfij  * 1 OMFrtA  . Th§_s 

interval  makes  it  posilM'-  for  the  correction  receiver  to  identify  the  transmitting  stations.  During  this 
identification  interval,  the  airier  is  modulated  in  phase  with  a frequency  of  13,  14,  15,  16,  17  or 
18  Hz.  The  corrections  receiver  is  designed  in  such  a way  that  it  can  recognize  the  low  frequency  phase 

UTC  vi  the  '-a.T  j-Ci.  , tfte  Wjjci !c t win  Then  d.uOSe  tT.a  .ivd.  e one  xii  a gl  lap  of  L auoobeaoono  wTie 0T1 

transmit  the  differential  OMEGA  corrections. 

Furthermore,  the  corrections  are  stored  in  the  receiver  during  the  time  interval  wtich  separates 
two  consecutive  transmissions  of  the  same  radiobeacon. 


III.  RESULTS  OF  EXPERIMENTATIONS 

Now  two  OMEGA  differential  stations  are  operating  in  France  : one  at  He  d’Yeu,  on  the  French 
Atlantic  coast;  the  second  at  Cap  Couronne,  near  Marseille^  on  the  Mediterranean  coast.  Figure  4 shows 
the  locations  of  the  stations  and  the  expected  ranges. 


Experiments  carried  out  from  lie  d'Yeu 


Results  of  these  experiments  were  described  in  other  reports  (NARD.  G.  , 1971,  1974'  ->nd  only  the 
main  results  will  be  given  here. 
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These  results  show  that  : 


- the  maximumrepeatability  is  better  than  1.5  centicycle  on  every  LOP  during  68  % of  the  time.  The  corres- 
pondent repeatability  in  position  is  better  than  P.3  nautical  mile  (530  m), 

- the  diminution  of  space  correlation  increases  with  distance  but  the  improvement  of  accuracy  given  by 
differential  OMEGA  is  perceptible  at  more  than  300  nautical  miles  from  the  correction  transmitting 
station. 

Figure  5 shows  the  efficiency  of  differential  OMEGA  during  an  S.I.D.,  observed  at  fixed  point. 


I II. 1.2.  Readings  taken  at  sea 


Comparisons  have  been  made  in  1972  on  the  Atlantic  ocean  betweer  standard  OMEGA  (corrected  by 
USN00  tables)  and  differential  OMEGA,  on  a ship,  with  the  help  of  a radiobeacon  system  (TORAN).  Several 
thousands  of  positions  were  noted  and  gave  the  following  results  at  distances  from  the  corrections 


16-7 


transmitting  station  comprised  between  110  and  160  nautical  miles  (200  and  300  km)  : 

- 68  % phase  error  on  pair  A-B  : 2.8  ce  ,s 

- 68  % phase  error  on  pair  B-D  : 2.15  cecs 

- 68  % resulting  position  error  : 0.72  nautical  mile  (1340  m)  with  the  OMEGA  stations  in  operation 
before  1974. 


III. 2.  Results  of  experiments  carried  out  from  Cap  Couronne  station 

Experiments  are  now  carried  out  from  Cap  Couronne  station.  Some  results  already  available. 


HI.  21.  Repeatability 


Distance  from 
the  station 

Station 

bearing 

Pairs 

recorded 

Centicycles 

km  Nautical  miles 

Day  Night 

111  60 

286° 

A-B 

1 2.5 

B-D 

2 3 

168  91 

254° 

A-B 

1 2 

B-D 

2 3 

A-G 

1 2.5 

The  number  of  fixed  cbaervation  statkns  was  too  small  for  the  effect  of  distance  from  the  correction 
transmitting  station  to  be  evaluated  but  the  results  obtained  do  not  much  differ  from  results  of  III. 1.1. 


HI. 2.2.  Accuracy 

Differences  observed  between  theoretical  values  and  average  readings  during  48  h are  the  following: 

- at  60  nautical  miles  from  the  corrections  transmitting  station  : 

2 cecs  on  pair  A-B 

1 cec  on  pair  B-D 

- at  90  nautical  miles  from  the  corrections  transmitting  station  : 

2 cecs  on  pair  A-B 

3 cecs  on  pair  B-D 
2 cecs  on  pair  A-G 

III. 2. 3.  Range  as  a function  of  radiated  power 

The  differential  OMEGA  station  of  Cap  Couronne  is  associated  with  a maritime  radiobeacon,  the 
range  of  which  is  less  than  50  nautical  miles  at  50  microvolts/metre  • Teats  showed  that  differential 
OMEGA  corrections  were  received  at  91  nautical  miles  from  the  station,  24  hours  per  day  and  with  a good 
signal  to  noise  ratio,  with  only  sea  path.  In  Ajaccio,  situated  160  nautical  miles  from  tne  station  and 
with  a sea  path  the  corrections  are  received  15  hours  per  day.  It  than  can  be  said  that  the  range  of  a 
differential  OMEGA  station  associated  with  a maritime  radiobeacon  is  more  than  twice  the  radiobeacon 
range  at  50  microvolts/metra. 


IV.  CONCLUSION 

Presently  available  results  proved  the  efficiency  of  a differential  OMEGA  system  and  its  utility 
for  mariners.  Therefore,  several  countries  have  asked  international  bodies  as  CCIR,  IMCO  and  IALA  to 
design  an  internationally  agreed  format  as  quickly  as  possible. 
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CHRONOGRAMME  D'EMISSION  O’UNE  STATION  OMEGA  DIFFERENCE!.  CONJUGU& 
A UN  RADIOPHARE  SEQUENTIEL 

(Signal  sequence  when  differential  OMEGA  station  coupled  with  sequential  radiobeacon 
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Figure  2 
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ENREGISTREmENTS  Omega  NATUREL  ET  OMEGA  DIFFERENTIEI  AU  CAP  LEUCATE  A 91  M (160km)  DE  LA  STATION 

DU  CAP  COURONNE.  8-IOoctobre  1976 


Figure  6 


DISCUSSION 


T.R.Lareen,  Norwegian  Defence  Research  Establishment,  Kjeller,  Norway 

These  were  interesting  results.  Axe  there  plans  for  more  stations  in  France? 

Author’s  Reply 

French  Lighthouse  Authority  intends  to  build  two  new  stations:  one  in  the  Mediterranean  Sea,  and  one  in  the 
Atlantic  (in  Brittany).  The  two  new  differential  OMEGA  stations  will  work  with  sequential  radio  beacons.  If  an 
international  format  is  quickly  obtained,  other  stations  will  be  built  in  thejnear  future  with  this  format. 
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A COMPARISON  OF  THE  CALCULATED  AMP  MEASURED  DAITIMB  PROPAGATION 
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The  variation  of  the  phase  and  auplitude  of  a VLF  wave  as  a function  of  distance  from  the  transmitter 
can  be  calculated  by  naans  of  the  waveguide  mode  analysis  (Budden,  1 961 j Wait,  1 962) . This  procedure 
evaluates  the  transverse  electric  and  magnetic  modes  of  propagation  in  the  spherical  waveguide  formed  by 
the  earth  as  one  wall  and  the  ionosphere  as  the  other.  The  conductivity  of  the  earth  between  transmitter 
and  receiver  is  known  and  for  propagation  over  sea  water, a very  accurate  value  of  the  conductivity  is 
available.  Considerably  greater  uncertainty  exists  regarding  the  conductivity  of  the  ionospheric  wall 
since  this  is  dependent  on  the  electron  density  and  collision  frequency  height  distribution.  The  electron 
density  profile  will  vary  according  to  the  time  of  day,  season  and  latitude  and  will  also  be  sensitive  to 
a wide  range  of  geophysical  disturbances.  The  accuracy  of  the  calculated  propagation  characteristics  of 
the  Omega  signals  therefore  depends  critically  on  the  validity  of  the  model  ionosphere  adopted. 

During  the  summer  of  1966  the  phase  and  asplitude  of  the  10.2  and  13.6  kHz  transmissions  from  Omega 
Trinidad  were  measured  in  an  aircraft  flying  radially  away  from,  and  then  towards,  the  transmitter.  Data 
were  obtained  during  day-time  for  propagation  in  three  azimuthal  directions  E-W,  W-E  and  S-N. 

The  variations  of  the  phase  and  amplitude  of  both  frequencies  has  been  calculated  for  the  three 
azimuthal  directions,  using  a number  of  D-region  models.  The  calculated  variations  are  compared  with  the 
measured  changes  of  phase  and  aaplituds  in  order  to  assess  the  accuracy  of  the  analysis  procedure.  Very 
close  agreement  ie  obtained  between  the  measured  and  calculated  values  of  both  phase  and  amplitude  when 
the  ionospheric  model  employed  is  similar  to  that  suggested  by  Deeks  (1966a).  Other  D-region  models  yield 
calculated  values  which  do  not  show  the  same  degree  of  agreement  with  those  measured.  This  investigation 
has  shown  that  it  is  possible  to  calculate  accurately  the  phase  and  ezplitude  of  both  the  10.2  and  13.6 
kHz  transmission  at  any  distance  from  the  low  latitude  Omega  Trinidad  transmitter  for  daytime  conditions. 


1 .  INTRODUCTION 

A comparison  has  been  made  between  measures* nts  of  the  phase  and  amplitude  of  VLF  waves  as  a function 
of  distance  from  the  transmitter  and  theoretical  calculations  of  these  parameters  based  on  the  waveguide 
mode  theory.  The  measurements  were  recorded  during  aircraft  flights  near  the  Omega  transmitter  in 
Trinidad.  The  calculations  were  made  with  three  separate  electron  density  profiles  in  order  to  derive,  by 
comparison  between  the  calculations  and  measurements,  information  on  tha  ionospheric  D-region  at  this  low 
latitude.  In  particular,  an  electron  density  profile  was  constructed  from  a mid-latitude  profile  by 
reducing  the  low-lying  C-layer  ionisation,  thereby  simulating  the  effect  of  the  geomagnetio  out-off  of 
the  cosmic  radiation. 


2.  EXPERIMENTAL  RESULTS 

The  phase  and  amplitude  variation  of  a VLF  signal  as  a function  of  distance  may  he  conveniently 
measured  by  means  of  a phase  tracking  receiver  carried  aboard  an  aircraft.  A comprehensive  set  of  flight 
measurements  were  made  close  to  the  Omega  Trinidad  transmitter  by  the  Radio  Department,  Royal  Aircraft 
Establishment,  Farnborough,  during  August,  1966.  Two  day  flights  were  made  in  which  the  aircraft  flew 
radially  away  from  the  transmitter  in  a magnetic  eaet  and  west  direction  respectively.  A further  flight 
from  Bermuda  to  Barbados  via  Trinidad  allowed  propagation  In  a northerly  ( magnet lo)  direction  to  be  studlei 
(Burgees,  1970). 

The  field  strengths  at  frequencies  of  10.2  kHi  and  13.6  kHz  were  recorded  as  a function  of  distance 
and  in  addition  the  differential  phase  delay  between  these  two  frequencies  was  also  measured.  The  flight 
times  were  chosen  so  that  the  zenith  angle  of  the  sun  at  tha  receiver  was  never  greater  than  20°,  and, 
thus,  throughout  the  observation  periods,  conditions  over  the  path  corresponded  to  within  2 hours  of  the 
local  noon. 


3.  PHASE  OBSERVATIONS 

Figures  1 to  3 show  the  measured  time  delay  of  the  10.2  kHz  oarrier  relative  to  the  13.6  kHz  carrier 
(i.e.  Tio.2  ’ T1 3.6  s#c)  118  * function  of  distance  from  the  transmitter  in  the  three  azimuthal  directions. 

Figure  1 relates  to  two  flights  between  Bermuda  and  Trinidad  where  propagation  ie  approximately 
towards  magnetic  north.  The  general  agreement  between  the  measurements  taken  on  the  two  flights  is  quite 
good.  The  data  are  considered  to  be  representative  of  conditions  within  2 hours  of  midday  over  the  path. 

The  increases  in  tha  relative  phase  delay  (or  time  daisy)  at  approximately  200-300  km  and  650-850  km  from 
the  transmitter  are  due  to  the  destructive  interference  between  the  first  two  propagating  modes  at  10.2  kHz. 


Similarly,  th«  decreases  in  puss  aexay  •&  o u*  — , — 

lntsrference  at  13.2  kHz.  It  may  be  shown  that  toe  sans#  of  these  phase  delay  variations  are  such  that 
the  magnitude  of  the  dominant  (first)  mode  exceeds  that  of  the  next  largest  (third)  mode  at  each  fr  xjuency. 

The  above  remarks  also  apply  to  the  phase  delay  variations  measured  on  flights  in  directions 
approximately  magnetic  east  and  west  of  the  transmitter j Figures  2 and  3,  respectively.  In  ooaparing 
these  results,  it  should  be  noted  that  the  magnitude  of  the  phase  delay  variations  are  greatest  for 
propagation  towards  magnetic  east  and  least  for  propagation  towards  magnet io  west.  This  is  in  agreement 
with  waveguide  mode  theory  which  predicts  that  VLF  propagation  is  generally  non-reciprocal  with  respect 
to  the  earth's  magnetic  field. 


h.  AMPLITUDE  OBSERVATIONS 

For  each  of  the  aircraft  flights  detailed  in  seotion  2,  the  changes  In  signal  strengths  of  the 
10.2  kHz  and  13.6  kHz  signals  hava  been  recorded  as  a function  of  distance  from  the  transmitter  (that  ie 
for  propagation  in  the  magnetically  north,  east  and  west  directions).  The  13.6  kHz  data  for  the  flight 
between  Burmuda  and  Trinidad  (S-N  propagation)  is  reproduced  in  Figure  A well-defined  minimum  occurs 
at  a distance  of  300-1*00  km  due  to  the  destructive  Interference  between  the  dominant  quaai-TM  modes.  At 
800  km,  the  signal  strength  again  decreases  as  the  second  position  for  destructive  interference  la 
approached.  The  results  for  propagation  at  13.6  kHz  in  the  W-E  and  E-W  directions  are  reproduced  in 
Figures  5 and  6,  respectively,  and  show  the  sane  general  features  as  for  S-N  propagation.  It  should  be 
noted  that  for  the  VMS  case,  the  decrease  in  signal  level  at  the  first  and  second  minima  are  considerably 
greater  than  for  the  two  other  directions  of  propagation. 

Similar  results  have  been  obtained  for  the  10.2  kHz  transmission  end  the  signal  strength  variations 
for  this  frequency  are  shown  in  Figures  7 to  9 • Destructive  Interference  between  dominant  modes  produces 
minima  at  distances  of  approximately  200-300  km  and  800-1000  km  from  the  transmitter.  For  E-W  propagation, 
the  minima  are  quite  small  and  the  second  minimum  at  900  km  was  only  observed  on  the  return  flight,  in 
anomalous  decrease  in  signal  level,  extending  for  a range  of  about  SO  km,  was  noted  on  the  W-E  path  at  a 
distance  of  about  350  km  on  the  outward  path  and  at  L*20  km  on  the  return  flight.  It  was  not  clear  W>y 
this  sudden  drop  in  signal  occurred  or  why  the  position  is  different  on  the  outward  and  return  parts  of 
the  flight. 

Little  change  occurs  in  either  the  dip  angle  or  magnetic  field  intensity  over  the  E-W  end  W-E  flight 
paths,  but  much  larger  changes  In  these  parameters  are  present  in  the  flight  from  Barbados  to  Trinidad 
(S-N  propagation) . Thus,  any  Inaccuracies  that  might  arise  from  field  variations  will  he  aocentuated  in 
the  N-S  results. 


5.  COMPARISON  WITH  CALCULATED  RESULTS 

The  variation  of  phase  and  amplitude  as  a function  of  distance  from  the  transmitter  has  been  calcu- 
lated for  frequencies  of  10.2  kHz  and  13.6  kHz  by  means  of  the  MODE  computer  program. 

The  ionospheric  nodala  adopted  for  this  study  were  those  of  Desks  (1966a)  and  Smith  (1968),  since 
these  exhibit  quite  different  features.  The  Desks'  profile  represents  summer  noon  sunspot  maximum 
conditions  over  southern  England.  Above  about  70  km,  however,  the  profile  corresponds  to  measurements  of 
the  electron  density  at  low  latitudes  reported  by  Thrane  (1966)  and  Fan  Biel  (1966).  A mein  feature  of 
the  Desks'  model  is  a pronounced  maximum  at  63  km,  the  so-called  C-layer,  "bought  to  arise  from  ionisation 
by  cosmic  rays.  The  present  experiments  were  conducted  at  low  latitudes  where  the  C-layer  maximum  might 
be  considerably  reduced  due  to  the  geomagnetic  out-off  of  the  ionising  cosmic  radiation.  In  order  to 
study  the  effect  of  reducing  the  low-lying  ionisation,  a model  has  been  constructed  which  is  basically  the 
Desks'  profile  with  the  C-layer  removed.  This  is  narked  as  profile  HI  in  Figure  10,  Wills  the  Deekj* 
profile  is  marked  I.  The  Smith  profilm,  marked  II  in  Figure  10,  represents  conditions  for  a zenith  angle 
of  15.5°  in  the  southern  hemisphere. 

The  effective  oollisional  frequency  profile  used  in  the  calculation  was  derived  from  the  CHS  mean 
atmosphere  model  by  the  methods  suggested  by  Desks  (1966b). 

The  calculations,  using  MODE,  ware  made  for  the  asms  propagation  directions  as  those  the  experi- 
mental observations.  The  magnetic  dip  and  gyro  frequency  were  as  tuned  oonstant  and  equal  to  the  values  at 
the  path  mid-point.  Although  no  allowance  was  mads  for  the  variation  of  tbs  magnetic  field  along  tbs  path, 
this  is  not  expeoted  to  be  a major  source  of  error,  Biokel  et  al.  (1970)  have  shown  that  the  assumption 
of  aid-point  value  of  the  field  for  the  whole  path  produces  little  error  except  whan  propagation  is  in  a 
southernly  direction.  In  this  study,  no  measurements  were  made  for  this  direction  of  propagation.  The 
values  of  the  geomagnetic  field  parameter,  and  other  relevant  oonstant* , are  given  In  Table  1 , 

The  aircraft  flight  took  place  at  a height  of  approximately  30,000  ft.  Due  account  was  taken  of  this 
situation  by  the  use  of  the  height  gain  factor  of  each  propagating  mode.  The  height  gain  was  calculated 
of  each  mod*  using  the  theory  of  Pappert  et  al.  (1967)  and  preliminary  ozloulationa  showed  the  calculated 
field  strength  variations  to  be  appreciably  different  at  zero  and  30,000  ft. 

Superi^oaed  on  Figures  1 to  3 are  the  calculated  phase  delay  of  tbs  10.2  kHz  carrier  relative  to 
the  13.6  kHz  carrier  as  a function  of  distance  from  the  trmn malt ter  in  the  three  azimuthal  directions 
using  each  of  the  three  profiles  In  Figure  10.  The  total  field  strength  was  assumed  to  be  a sum  of  five 
waveguide  modes,  of  which  two  (modes  2 and  U)  are  quasi-TE  nodes  and  relatively  unexcited.  It  can  be  seen 
that  the  peak -to -trough  variation  in  the  relative  time  daisy  is  reproduced  well  by  all  three  profiles 
except  In  the  case  of  propagation  towards  magnetic  west.  In  this  latter  esse,  the  Desks'  model  (profile 
n)  underestimates  the  variations  while,  In  the  other  two  cases,  this  variation  Is  overestimated.  The 
positions  of  the  maxima  and  minima  of  the  phase  delay  as  predicted  by  the  models  are,  In  general,  about 
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the  outward  and  inward  flights.  The  greatest  variation  in  phase  delay  of  the  carrier  frequencies,  and 
the  greatest  discrepancy  between  the  measured  and  predicted  results,  are  seen  for  propagation  in  the 
direction  of  magnetic  west.  This  may  be  attributed  in  part  to  the  greater  effective  reflection  height 
and  ionospheric  penetration,  for  propagation  in  this  direction  (Snyder  and  Pappert,  1969). 

The  fine  structure  variations  in  the  phase  delay  measurements  are  not,  in  general,  reproduced  by  the 
calculated  results.  This  is  because  such  fine  detail  is  produced  by  the  higher  order  modes.  However,  it 
should  be  noted  that  the  most  obvious  feature,  the  cusp-like  minima  at  1*00  km  from  the  transmitter  for 
westerly  propagation,  is  predicted  for  the  modified  Decks'  profile  (II). 

Superimposed  on  Figures  It  to  6 are  the  calculated  signal  strength  of  the  13.6  kHz  carrier  as  a 
function  of  distance  from  the  source  transmitter  for  propagation  in  magnetic  north,  east  and  west 
directions,  respectively.  Consistent  wJth  the  time  delay  results,  the  peak-to-trough  variations  in  the 
signal  strength  is  predicted  with  acceptable  accuracy  by  the  mode  theory.  The  minima  in  the  field 
strength  at  about  1*00-500  km,  resulting  from  interference  between  the  two  dominant  modes,  is  calculated 
to  be  about  50-100  km  further  from  the  transmitter  than  those  observed  experimentally.  The  use  of  the 
modified  Deeks'  profile  (II)  is  justified  by  these  results  in  that  the  depth  of  these  minima  are  predicted 
with  greater  accuracy  by  this  model.  The  depth  determined  using  the  basic  Desks'  model  (I)  is  much  less 
than  was  measured  during  the  flights,  especially  in  the  case  of  propagation  towards  magnetic  east. 

Similar  constants  may  be  made  for  the  predicted  field  strength  calculations  of  the  10.2  kHz  carrier 
as  shown  in  Figures  7 to  9.  The  anomalous  decrease  in  signal  strength  at  about  1*00  km  for  easterly 
propagation  is  not  reproduced  for  any  of  the  three  ionospheric  electron  density  models. 


6.  CONCLUSIONS 

The  measured  amplitude  and  phase  delay  variations  at  distance  of  less  than  1 ,000  km  from  the  trans- 
mitter may  be  reproduced  and  interpreted  by  waveguide  mode  theory.  At  greater  distances,  the  leaet 
attenuated  mode  is  likely  to  dominate  and  therefore  the  interpretation  of  measured  results  is  easier. 

The  fine  structure  in  the  measured  variations  is  not,  in  general,  reproduced  by  the  calculated  results 
since  such  fine  detail  is  produced  by  the  higher  order  modes. 

The  greatest  discrepancy  between  measured  and  calculated  variations  is  obtained  for  propagation 
'.tmuvh  fcagnrtlt  «hU  Ibis  has  beer  attributed  v.  Uie  greater  eg  loncsjwTi*  penetration 

expected  for  this  direction  of  propagation.  The  daytime  calculated  results  compare  well  with  the 
measured  variations. 

Three  distinct  profiles  have  been  used  in  the  study  of  the  daytime  results.  The  comparisons  do  not 
favour  ary  one  of  the  three  profiles  used  In  the  study,  although  there  is  some  support  for  the  use  of  a 
profile  with  a reduced  C-layer  electron  density  maximum  at  these  latitudes. 
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Fig.  1 Comparison  of  measured  and  calculated  phase  delays  between  the  10.2  and  13.6  kHz  transmissions 
from  Omega  Trinidad.  S-N  propi  ttion.  Daytime  (9  and  23  August  1966) 
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Fig. 2 Comparison  of  measured  and  calculated  phase  delays  between  the  10.2  and  13.6  kHz  transmission 
from  Omega  Trinidad.  W-E  propagation.  Daytime  (IS  August  1966) 
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DISCUSSION 


T.R. Larsen,  Norwegian  Defence  Research  Establishment,  Kjeller,  Norway 

The  “revised”  Decks  N(h)  profile  seemed  to  predict  the  right  amplitude  for  the  phase  for  the  Trinidad  measure- 
ments. Can  the  offset  be  explained  if  you  make  a slight  height  change  of  the  whole  N(h)  profile? 

Author’s  Reply 

We  have  not  yet  repeated  the  calculation  for  the  profiles  displaced  in  height.  It  is  quite  likely  that  surh  a displace- 
ment will  affect  the  agreement  between  the  experimental  and  calculated  values,  but  until  we  have  done  the  calcula- 
tions, I cannot  give  any  indication  of  the  magnitude  of  the  changes  involved. 

(Added  reply  to  Author’s  by  B. Burgess)  The  field  strength  measurements  taken  by  mounting  VLF  transmissions  are 
normally  smoothly  varying;  the  perturbations  on  the  field  strength  measurements  given  in  the  paper  we  believe  are  a 
real  phenomena.  A possible  explanation  could  be  in  the  fact  that  the  propagation  paths  monitoied  on  the  flights  in 
the  West  Indies,  passed  over  a number  of  small  islands,  which  could  act  as  small  perturbations  in  the  lower  wall  of 
the  earth-ionosphere  waveguide;  these  physical  perturbations  excited  evanescent  modes  of  propagation. 


T.R.Laisen 

Can  the  fine  structure,  that  was  apparent  on  some  of  the  phase  records,  be  interpreted  as  time  variations  due  to  iono- 
spheric changes? 

Author’s  Reply 

It  seems  unlikely,  because  the  experiments  were  carried  out  at  times  when  the  ionosphere  was  undisturbed,  and  geo- 
physical activity  was  low.  There  may  be  some  transient  phenomena  which  disturb  the  conductivity  of  the  iono- 
•pherti  bvf  ilk  JHBrtH  lo  etokage  wfirt  VMM  might  be  Thera  kaHwWBty  that  rtamgn  t) lgwund  COM&NCMy 
(e.g.,  small  islands)  may  have  an  influence  on  the  observations. 
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OMEGA  ACCURACY  18  POLAR  REGIONS  DUMBO  XOKOSPHEP.lv  DISTURBANCES 


T.R,  Larsen 

Norwegian  Defence  Research  Establishment 
N-2007  Kjeller,  Norway 


SUMMARY 


The  paper  presents  some  results  of  a study  on  OMEGA  propagation  variability  at  high  latitudes. 

More  than  300000  hourly  phase  difference  values  obtained  between  1966  - 1970  for  various  OMEGA  pairs  and 
several  observation  sites  have  been  analyzed.  The  statistics  for  signal  variability  at  10.2  kHz  shov  typi- 
c silly  an  r.n.s.  variability  of  It  - 9 centicycles  (cec)  for  the  hourly  standard  deviations  grouped  into 
2k-hour  periods  on  a monthly  basis . Highest  variability  is  obtained  during  winter  months . 

Phase  difference  observations  during  solar  X-ray  flares  have  been  analyzed.  In  1966  such  events 
were  occurring  during  less  than  1$  of  the  total  observation  time;  mean  duration  of  each  event  was  :55  min 
with  a standard  deviation  of  =30  min.  Mean  phase  offset  (at  10.2  kHz)  was  23  (cec)  vith  a standard  deviation 
of  l6  cec.  These  values  refer  to  the  CMEGA  pair  A-B  received  at  Oslo  (6o°N) ; similar  results  were  obtained 
for  A-C  received  at  Ny  Alesund,  Svalbard  (79°N) • 

The  effects  of  13  solar  preton  events  have  been  analyzed  for  the  pair  A-C  received  at  Ny  Alesund. 

The  mean  value  of  the  phase  offset  (at  10.2  kHz)  was  36  cec  vith  a standard  deviation  of  11  cec.  During  the 
event  which  started  on  2 November  1969  offset  in  excess  of  60  cec  was  recorded  during  the  initial  hours  of 
the  event. 


1.  INTRODUCTION 

1.1  Background 

Radio  wave  propagation  in  the  Arctic  is  hampered  by  several  types  of  ionospheric  disturbances 
unique  for  these  areas,  such  as  auroral  and  solar  proton  events  (SPE).  In  addition,  effects  from  strato- 
spheric warnings,  energetic  electron  precipitation  and  solar  X-ray  (SXR)  flares  may  influence  the  radiovave 
propagation  characteristics. 

For  VLF  navigation  systems  the  phase  of  the  radio  wave  is  often  a critical  parameter,  whose  stabi- 
lity and  predictability  contributes  to  the  navigational  accuracy  of  the  system.  The  present  study  presents 
same  results  of  three  years  of  monitoring  10.2  kHz  CMEGA  signals  at  several  recording  sites. 

Two  such  stations  were  operated  by  the  Norwegian  Defence  Research  Estrblishment  between  1968  and 
1970  near  Oslo  ( :6o°N)  and  at  Hammerfest  ( =71°N) . The  Hammerfest  station  was  moved  to  Troasfl  (-70°N)  in 
late  1969,  cf  Figure  1 which  shows  the  geographical  positions  of  sites  referred  to  in  this  paper.  Further- 
more, The  Norwegian  Institute  of  Cosmic  Physics  has  operated  a receiving  station  at  Ny  Alesund  on  Svalbard 
(=79°N).  These  data  as  well  as  data  from  recordings  at  Keflavik,  Iceland  ( *6U°N)  and  Hestmona  (very  close 
to  Aldra),  Norway  (=6T°N)  have  been  incorporated  in  this  study.  (The  data  from  Ny  Alesund  has  been  supplied 
by  Prof  A Egeland,  whereas  the  latter  set  was  made  available  through  Mr  E Swanson,  Naval  Electronics  Labora- 
tory Center,  San  Diego.) 

Table  1 lists  the  various  recording  sites  and  gives  their  distances  (in  km)  from  the  OMEGA  transmit- 
ters. 

1.2,  Observational  arrangements 

At  each  recording  site  the  phase  difference  at  10.2  kHz  of  selected  pairs  of  OMEGA  transmitters  was 
monitored  continuously  on  strip-chart  paper.  At  Hestmona  seme  recordings  were  also  made  at  13.6  kHz.  The 
phase  difference  values  were  read  off  from  the  charts  at  each  hour  and  these  data  formed  the  basis  for  a 
subsequent  statistical  evaluation. 

1.3,  The  data  set 

The  data  recording  during  times  when  solar  proton  evenst  were  occurring,  have  been  excluded  from  the 
statistical  study.  These  data,  however,  vill  be  discussed  separately. 

l.lt.  Scope  of  this  study 

In  chapter  2 the  results  of  an  analysis  of  the  OMEGA  phase  variability  are  presented.  More  than 
300 X)C  hourly  phase  difference  values  are  included  in  this  study.  In  chapter  3 predicted  OMEGA  phase  differ- 
ent'1 values  vill  be  compared  with  the  measured  ones.  Chapter  It  is  devoted  to  effects  from  solar  X-ray  flares 
r it  OMEGA  propagation  and  the  influence  of  solar  proton  evenst  are  likewise  treated  in  chapter  5.  Some  con- 
viar.s  are  presented  in  a final  chapter  6. 


2. 


OMEGA  PHA8E  DIFFERENCE  VARIABILITY 
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The  phase  difference  values  obtained  each  hour  for  selected  OMEGA  station  pairs  have  been  averaged 
over  a monthly  basis  for  each  hour  of  the  day.  The  corresponding  standard  deviations  have  been  calculated. 

The  r.m.s.  variation  (in  centicycles,  cec)  of  these  2b  monthly  standard  deviation  values  has  been  evaluated. 
Such  results  are  tabulated  in  Table  2 which  shova  the  data  for  the  OMEGA  pairs  NORWAY  minus  TRINIDAD  (A-B) 
and  NORWAY  minus  HAWAII  (A-C)  at  10.2  kHz  for  the  months  of  1968  at  five  recording  sites.  Tables  3 and  b 
show  similar  data  for  the  years  1969  and  1970. 

The  individual  entries  in  these  tables  are , disregarding  some  exceptions,  computed  from  approximate- 
ly 650  - 700  hourly  phase  values.  The  tables  shows  that  generally  there  is  rather  good  agreement  between  the 
results  obtained  at  the  various  sites,  although  the  r.m.s. -values  for  the  pair  A-C  exhibit  larger  variations. 
There  is  a tendency  for  lover  phase  variability  during  summer  months. 

Most  r.m.s.  values  range  between  b and  9 cec.  Approximately,  a measurement  accuracy  with  a standard 
deviation  of  10  cec  on  each  of  two  lines  of  positions  vill  translate  into  a positional  fix  accuracy  of 
:1.8  km  (cep)  under  favourable  systems  geometry. 

Table  5 gives  similar  data  for  the  OMEGA  pair  NORWAY  minus  F0RESTP0RT  (A-D)  at  the  Oslo  and  Keflavik 
sites  for  the  period  1968-TO.  The  Forestport  transmitter  operated  at  low  output  signal  levels,  but  reception 
was  possible  at  the  Oslo  and  Keflavik  sites. 

2.2.  Monthly  statistics  on  phase  difference  variability  for  data  grouped  into  periods  of  daytime,  night- 
time and  the  full  2b-hours 

The  standard  deviations  (in  cec)  of  the  signal  variability  against  the  monthly  mean  value  were  com- 
puted for  each  hour  of  the  day.  In  Table  6 the  r.m.s.  variation  of  these  standard  deviations  are  shovn  when 
grouped  into  periods  during  vhich  complete  daytime  or  complete  nighttime  existed  along  the  propagation  path. 
The  last  entry  gives  the  results  for  the  complete  2b-hour  period.  These  data  refer  to  OMEGA  NORWAY  minus 
TRINIDAD  (A-B)  at  10.2  kHz  in  1968,  whereas  Table  7 gives  similar  data  for  (MEGA  NORWAY  minus  HAWAII  (A-C). 

The  relatively  large  r.m.s.  values  for  daytime  (cf  Table  6)  during  fall  and  late  winter  should  be 
treated  with  some  caution.  Due  to  short  days  fewer  hourly  values  were  included  when  the  r.m.s.  values  were 
computed.  Low  transmitter  output  power  may  also  have  resulted  in  erratic  phase  variations  when  reception  vas 
marginal . 

2.3.  Monthly  statistics  on  phase  difference  variability  as  a function  of  frequency 

Most  of  the  recordings  were  made  at  10.2  kHz  but  at  Hestmona,  Norway  data  were  also  collected  at 
13.6  kHz.  The  OMEGA  pairs  that  were  monitored  were  TRINIDAD  minus  NORWAY  (B-A)  and  HAWAII  minus  NORWAY  (C-A). 
As  Table  1 shows,  the  receiving  site  at  Hestmona  is  very  close  to  the  Aldra  transmitter  (lB  km  away).  The 
signal  variability  is  therefore  essentially  due  to  the  variations  on  the  path  from  Hawaii  to  Hestmona  which 
crosses  the  center  of  the  polar  cap  and  traverses  the  auroral  zone  twice. 

Table  8 shows  the  data  for  13.6  kHz  during  the  years  1967  - 1970,  and  Table  9 gives  a comparison  of 
results  for  10.2  kHz  and  13.6  kHz  for  the  same  period.  No  significant  difference  is  detected  in  the  phase 
variability  between  10.2  and  13,6  kHz,  The  data  shov  a tendency  for  higher  r.m.s.  values  during  the  March/ 
April  and  September /October  months.  Similar  findings  are  reported  by  Martin  (1972). 


3.  OMEGA  PHASE  DIFFERENCE  PREDICTABILITY 

3.1.  Monthly  statistics  on  OMEGA  predictability 

The  received  phase  difference  values  have  been  adjusted  by  the  "skyvave  corrections"  according  to  the 
akyvave  correction  model  of  1969  (Swanson,  private  communication).  The  r.m.s.  variation  between  these  adjus- 
ted values  and  the  predicted  values  for  the  specific  sites  have  been  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  Data  obtained  during  periods  of  solar  proton  events  (SPEs)  have  been  excluded.  The  r.m.s. 
variation  of  these  hourly  r.m.s.  values  have  been  evaluated  for  each  month.  The  results  from  four  receiving 
sites  for  the  OMEGA  pair  NORWAY  minus  HAWAII  at  10.2  kHz  are  presented  in  Table  10  for  the  years  1968-70. 

Table  11  shows  similar  results  for  OMEGA  NORWAY  minus  TRINIDAD  during  1969* 

Discussion  of  these  data  is  beyond  the  scope  of  this  paper.  It  should,  hovever,  be  noted  that  a 
better  prediction  model  exists  today  in  as  much  as  the  correction  model  of  1969  has  been  updated. 


U.  EFFECTS  FROM  SOLAR  X-RAY  FLARE  EVENTS  0N  OMEGA  PHASE  DIFFERENCE  VALUES 
U.l.  Results  for  solar  X-ray  (SXR)  induced  effects  in  1968 

During  solar  X-ray  flares  the  lover  ionosphere  on  the  daylit  hemisphere  of  the  Earth  experiences 
abnormal  ionization  at  VLF  reflecting  heights.  The  characteristics  of  such  events  will  not  be  discussed  at 
length  here,  but  a sample  recording  for  a flare  on  8 July  1968  is  shovn  in  Figure  2,  in  which  the  A-C  phase 
difference  at  10.2  kHz  recorded  at  Ny  Alesund  is  reproduced.  Typical  for  such  SXR  events  00  VLF  is  the 
rapid  increase  to  maximum  phase  offset,  followed  by  a much  slower  recovery  (time  is  running  towards  left  in 
Figure  2).  The  example  shown  resulted  in  *60  cec  offset  and  total  duration  vas  *17$  min.  This  event  vas 
the  largest  (in  phase  offset  and  duration)  detected  during  1968  at  Ny  Alesund  for  the  A-C  pair.  The  X-ray 
flux  in  the  2 - 12  A band  increased  by  a factor  of  ISO  during  peak  disturbance  (Solar  Geophysical  Data, 
IER-FB-293,  Jan  1969). 


The  «c?mfe&&z4  tfjMtt  ecvcniA  of  the  reec^liog  **_♦«  U ♦htnm  on  the  ■(  ft*  a Cm  mVecfttft 
times  during  the  disturbance,  cf  Figure  3.  Data  for  A-B  and  A-C  were  used  ond  the  corresponding  lane  num- 
ber s are  given. 

In  Table  12  are  shown  the  mean  duration  and  mean  phase  difference  offset  for  SXR  induced  effects  on 
OMEGA  pairs  A-B  (received  at  Oslo)  and  A-C  (received  at  Ny  Alesund)  during  1968.  The  corresponding  standard 
deviations  are  also  given.  Only  clearly  identifyable  8XE  induced  effects  (offset  > 5 cec)  were  included. 
Total  duration  of  disturbed  periods  vas  *1#  of  total  observation  time  in  1968. 

Similar  results  using  a much  larger  database  (9  years)  vere  obtained  by  Svaneon  (private  communi- 
cation, 1976). 

rig  are  A it  auowi.  ',’.x  phase  dLMesenee  t'ret  « uusAet  <S.  r aset  in  _9tC  is  the  *mn  wi  CHE6* 
pairs.  The  really  large  flare  effects  (>50  cec)  are  occurring  for  about  10#  of  the  flares. 


5.  EFFECTS  FROM  SOLAS  PROTON  EVENTS  OH  OMEGA  PEASE  DIFFERENCE  VALUES 
5.1.  Results  for  solar  proton  events  during  1968-70 


Some  typical  effects  on  VLF  phase  and  amplitude  resulting  from  the  ionisation  by  energetic  solar 
protons  of  the  lover  strata  of  the  ionosphere  at  high  latitudes  (>55*6 0°  geomagnetic)  are  illustrated  in 
Figure  5.  The  corresponding  propagation  paths  are  shown  in  Figure  6.  The  records  in  Figure  5 show  that  such 
events  may  last  for  several  days,  up  to  10  - lU  as  a maximum.  The  shaded  area  in  the  three  phase  records 
represent  the  offset  from  average  variation;  as  can  be  noted  the  effects  started  a few  hours  after  the 
solar  flare,  which  in  addition  to  hard  X-rays  also  produced  energetic  protons  responsible  for  the  prolonged 
effect . 


Figure  5 also  shows  the  amplitude  of  the  transmitters  monitored.  Typically,  the  amplitude  is  not 
changed  significantly  at  OMEGA  frequencies  during  SPE  events,  except  for  paths  crossing  certain  areas,  e g 
the  Greenland  icecap.  Thus  for  NPG  to  Troms0  (upper  inset)  reductions  (>10  dB)  are  recorded. 


Figure  7 exhibits  the  phase  deviation  recorded  during  an  SPE  in  February/March  1969  on  selected 
JMECA  pair*  tft  Vwo  .A,  serving  nitet . nffret  in  e*c**s  Jl  Ti  cec  -were  lAjeervmd  fw  Arl  re^urtmd  -at 

Oslo.  The  horizontal  lines  give  the  approximate  boundaries  for  the  diurnal  phase  variations  during  undistur- 
bed conditions,  negligible  effects  are  present  on  the  A-B  pair  recorded  at  Oslo.  This  SPE  event  therefore 
rn  ut  (sfliat  ■dgrlflars  tfteu  tsb>  *6f°t  gun^sUt^  tde,  Iobb,  tui  us  past  fra 

Forestport  to  Oslo  was  affected. 


Figure  8 gives  a comparison  with  derived  phase  difference  offset  for  A-C  recorded  at  Haoaerfest  and 
the  solar  proton  fluxes  (>10  MeV)  for  thiB  event.  A weak,  but  probably  consistent  tendency  to  slightly  lover 
phase  offsets  at  night  is  noticeable.  This  is  due  to  the  D-region  chemistry  which  reduces  the  number  of 
free  electrons  during  nighttime  (given  constant  production  rate  of  ionpairsj.  The  proton  flux  data  are  taken 
from  Solar  Geophysical  Data  (301/303  - Part  II,  Sept  and  Nov,  1969). 


Position  accuracies  are  degraded  during  SPE  events.  As  an  example,  Figure  9 shows  the  apparent  move- 
ment of  the  receiving  site  at  Ny  Alesund  during  the  initial  hours  of  the  SPE  starting  on  2 November  1969. 
This  SPE  was  the  largest  during  the  recording  period  from  1968-70.  Position  errors  up  to  7-8  km  are  appa- 
rent . 


Table  13  sumnarizes  the  maximum  phase  offsets  during  SPEs  for  A-C  recorded  at  Ny  Alesund  during 
1968-70.  (The  data  do  not  cover  all  events  during  this  period  due  to  equipment  failure  etc.)  A few  of  the 
periods  listed  cover  the  duration  of  several  successive  SPE  disturbances.  The  median  offset  value,  exclud- 
ing the  event  in  January  1969,  for  the  remaining  13  events  listed  in  Table  13  equals  38  cec  with  a standard 
deviation  of  11  cec. 


As  to  the  total  duration  of  disturbances  due  to  SPE  effects  no  accurate  analysis  of  these  OMEGA  data 
has  been  made.  As  an  upper  limit,  however,  we  may  take  the  time  during  which  protons  >10  MeV  were  present 
in  the  Earth's  environment.  Protons  above  these  energies  will  penetrate  to  levels  below  63  - 65  km.  From 
the  data  published  in  Solar  Geophysical  Data  (issues  in  1968-69)  it  is  estimated  that  fluxes  >10  MeV  vere 
present  above  background  during  -1500  hours  in  1968,  corresponding  to  about  17#  of  total  time  in  that  year. 
This  is  probably  a too  high  estimate  of  duration  of  SPE  activity  on  OMEGA.  Westerlund  et  al  (1968)  derived 
a value  for  the  minimum  detectable  proton  flux  using  VLF  vaves  ae  a diagnostic  tool  of  0.5  protons /enrs  sr 
above  25  MeV.  From  the  tables  in  Solar  Geophysical  Data  protons  >30  MeV  with  larger  fluxes  than 
0.9  protons /cm^a  sr  were  present  during  approximately  550  hours  in  1968.  This  corresponds  to  =6#  of  total 
time  in  1968,  during  which  the  solar  sunspot  activity  maximized. 


This  value  is  in  general  agreement  vith  Martin  (1972)  who  found  that  SPE  events  disturbed  OMEGA 
phase  measurements  during  :5#  of  the  time  for  OMEGA  paths  to  Wales,  Alaska  in  1969/70. 


6. 


CONCLUSION 


The  phase  measurements  reported  in  this  paper  refers  to  signal  transmissions  from  OMEGA  stations  in 
1968-70.  During  these  times  the  radiated  pover  vas  not  that  foreseen  in  the  implemented  CMEOA  system.  Un- 
favourable signal  to  noise  ration  may  therefore  at  times  Tttve  biased  erratic  pi  are  variation  in  addition 


to  possible  propagation  effects. 


The  monthly  values  of  OMEGA  phase  variability  are  less  than  10  cec  for  most  month*  between  1968-70.  Typi- 
cal values  are  U-9  cec,  vith  lowest  values  during  summer  months.  Approximately,  a measurement  accuracy 
vith  a standard  deviation  of  10  cec  on  each  of  two  lines  of  positions  will  translate  into  a positional  fix 
M»MM)  .f  U B rat 1 srdM  UAV-urAU.?  gwee*  rj 
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k V9W  kUi  Unj  I.CJLtl  tjut  cCteeU  ot  3BU  '*e  * kk  AunUnm  if  lUiriSua.1  nuti  if  =55  min 
vith  a standard  deviation  of  *30  min.  One  8XR  event  disturbed  the  OMEGA  phase  measurement  for  175  min.  Mean 
phase  deviation  vas  found  to  be  *?3  oec  vith  a standard  deviation  of  *16  and  11  cec,  for  tvo  QMEOA  pairs. 


The  asgj— > phase  deviations  observed  during  1968-70  on  A-C  at  Ny  Alesund  during  13  solar  proton 
events  as&atrced  to  3o  tree  as  man  for  -the  vanrtaam.  wtfMft  tML  \ mtMtdsffd  deviation  of  — men.  Rninnu  Ob- 
served value  vas  60  cec. 
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Table  1 List  of  OMEGA  recording  stations  used  during  this  study.  Distance  between 
recording  stations  and  the  OMEGA  transmitters  are  given  (in  km). 
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Recording  lites 

OMEGA 

STATIONS 

A 

Aldra 

B 

Trinidad 

c 

Haiku 

D 

New  York 

Oslo 

60°N 

730 

8022 

10933 

5768 

Heatmona 

67°N 

18 

8233 

10223 

5889 

Keflavik 

64°N 

1671 

6653 

9783 

3983 

Tromae 

70°N 

434 

8530 

9901 

5706 

Hamnerfeat 

7I°N 

639 

8715 

9791 

5826 

Ny  Aleaund 

79°N 

1396 

8493 

8853 

5239 

Table  2 MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  10.2  kHz  FOR  SEVERAL 
RECORDING  SITES  in  1968. 

The  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  excluded.) 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  a 24-hour 
period  for  OMEGA  pairs  NORWAY  minus  TRINIDAD  (A-B)  and  NORWAY  minus  HAWAII  (A-C) 


OMEGA  FAIR 
A-B  (10.2  XHz) 


Sites/Month  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec 


«.02  2.22  5.82  3.88  4.12  6.07  8.03  4.88 


* 

v. 

He.tmona 

6.24 

8.21 

6.85 

5.19 

5.13 

5.79 

4.28 

4.94 

5.09 

9.49 

8.02 

6.35 

Keflavik 

- 

- 

- 

5.05 

7.08 

6.19 

- 

7.62 

- 

7.08 

8.64 

5.00 

* 

Hamn.rf.at 

5.13 

7.53 

6.95 

5.57 

5.01 

4.16 

4.25 

4.60 

5.32 

8.60 

6.99 

6.92 

i 

> 

Ny  Al.aund 

5.71 

7.19 

6.79 

6.32 

5.60 

6.05 

7.33 

6.50 

6.15 

5.70 

7.56 

6.79 

OMEGA  PAIR 
A-C  (10.2  kHz) 

| 

Oalo 

9.32 

8.70 

8.76 

7.97 

7.29 

5.70 

7.97 

6.98 

8.08 

8.47 

9.07 

7.28 

»' 

i 

Heatmona 

9.99 

8.39 

8.52 

11.47 

4.58 

4.68 

4.73 

5.17 

6.71 

7.13 

9.80 

6.76 

Keflavik 

No  r.cordinga 

1 Hamn.rf.at 

6.82 

6.38 

8.12 

8.87 

5.11 

4.67 

5.35 

6.55 

7.56 

7.82 

7.67 

7.88 

i 

Ny  Al.aund 

6.34 

5.64 

6.54 

8.26 

3.95 

3.67 

4.11 

5.01 

6.47 

5.40 

5.69 

5.73 

i 

>i 
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[ 
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Table  3 MON  HILY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  At  10.1  kHz  FOR  SEVERAL 
RECORDING  SITES  IN  1969. 

The  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  excluded.) 

I'm.  tabic  gives  tht  i.m.s.  variation  tin  oec)  of  tllcac  hourly  standard  ueviations  grouped  into  a 24-1.  cai 

period  for  OMEGA  pairs  NORWAY  minus  TRINIDAD  (A-B)  and  NORWAY  minus  HAWAII  (A-C). 


OMEGA  FAIR 
A-B  (10.2  kHz) 


Sites/Month 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

NOV 

Dec 

Oslo 

4.74 

5.05 

8.69 

5.02 

5.01 

- 

3.06 

3.73 

4.71 

- 

- 

- 

Hestmona 

5.79 

7.16 

8.62 

6.14 

7.00 

5.73 

4.03 

5.05 

5.28 

9.17 

7.91 

6.44 

Keflavik 

5.00 

5.28 

6.94 

4.54 

4.71 

3.89 

2.86 

4.36 

4.01 

5.29 

7.38 

5.56 

Hamnerfest 

6.30 

6.76 

7.49 

6.96 

5.90 

5.61 

4.32 

4.52 

5.82 

- 

- 

- 

Ny  Alesund 

6.75 

6.54 

6.90 

4.59 

5.34 

6.20 

6.52 

6.52 

- 

- 

- 

- 

OMEGA  PAIR 
A-C  (10.2  kHz) 

Oslo 

7.63 

6.27 

11.29 

8.47 

8.50 

- 

5.76 

6.02 

7.19 

- 

- 

- 

Hestmona 

5.36 

6.20 

12.97 

12.11 

6.47 

5.75 

3.40 

3.73 

6.31 

12.11 

7.96 

5.81 

Keflavik 

No  recordings 

Hamnerfett 

7.47 

7.32 

10.83 

5.74 

5.95 

5.74 

3.67 

- 

10.42 

- 

- 

- 

Ny  Alssund 

6.21 

7.20 

10.40 

8.41 

4.74 

6.79 

2.69 

4.03 

- 

- 

- 

- 

Table  4 MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  1 0.2  kHz  FOR  SEVERAL 
RECORDING  SITES  IN  1970. 

The  standard  deviation  of  ihe  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  excluded.) 

The  table  gives  the  r.m.s.  variations  (in  cec)  of  these  hourly  standard  deviations  grouped  into  a 24-hour 
period  for  OMEGA  pain  NORWAY  minus  TRINIDAD  (A-B)  and  NORWAY  minus  HAWAII  (A-C). 


OMEGA  PAIR 
A-B  (10.2  kH() 


Sites/Month 

Jan 

Feb 

Nar 

Apr 

Nay 

Jun 

Jul 

Aug 

Sep 

oct 

Nov 

D%C 

Oslo 

5.53 

6.20 

- 

- 

4.36 

5.54 

3.90 

1.45 

4.82 

5.72 

5.40 

5.50 

Hestmona 

6.59 

7.21 

8.54 

7.86 

5.30 

5.10 

4.45 

- 

4.97 

7.27 

7.80 

7.79 

Keflavik 

6.47 

7.81 

6.67 

7.41 

- 

- 

- 

- 

- 

- 

- 

- 

Tromse 

11.60 

8.95 

- 

- 

4.91 

6.47 

5.39 

2.49 

6.44 

9.93 

8.35 

6.93 

Ny  Alssund 

- 

11.94 

13.07 

13.89 

13.63 

11.79 

9.71 

6.50 

6.33 

6.56 

7.16 

7.48 

OMEGA  PAIR 
A-C  (10.2  kHs) 

Oslo 

7.89 

6.79 

- 

- 

8.91 

7.78 

7.94 

2.78 

10.19 

12.80 

7.76 

7.17 

Hestmona 

7.56 

7.94 

10.34 

9.14 

4.54 

4.85 

5.46 

- 

9.81 

11.90 

6.79 

7.17 

Xeflavik 

No  recordings 

Troma# 

14.27 

11.16 

- 

- 

6.94 

9.20 

10.21 

3.27 

12.03 

12.55 

7.78 

10.58 

Ny  Alesund 

- 

6.65 

18.17 

10.37 

6.26 

5.65 

7.00 

2.54 

5.52 

9.13 

7.12 

8.09 

Table  5 


T 

MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  1 0.2  kHz  RECORDED  AT  OSLO, 

NORWAY  AND  KEFLAVIK,  ICELAND  DURING  1968-1970. 

•} 

The  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
luvinttny  u«u.  .Data  rtcuiutJ  dmuig  *r«A  proton  events  were  cxefchletl.j 


The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  a 24-hour 
period  for  the  OMEGA  pairs  NORWAY  minus  FORESTPORT  (A-D). 


OMEGA  PAIR 
A-D  (10.2  JtH*) 


OSLO  SITE 


Yaar/Month 

Jan 

Fab 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sap 

Oct 

NOV 

Dac 

1968 

6.85 

8.42 

8.40 

7.08 

7.18 

5.51 

7.37 

7.03 

7.69 

8.(0 

10.29 

8.48 

1969 

8.63 

7.8S 

7. S3 

7.22 

7 . 52 

- 

5.40 

5.76 

7.43 

- 

- 

- 

1970 

7.21 

7.87 

- 

- 

(.89 

6.74 

7.16 

2.24 

7.34 

8.92 

9.82 

7.96 

OMEGA  FAIR 
A-D  (10.2  kHs) 

KEFLAVIK  SITE 

1968 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

4.51 

6.38 

19(9 

4.46 

6.07 

5.85 

4.88 

4.71 

4.02 

3.17 

- 

- 

6.30 

(.84 

5.59 

1970 

5.99 

5.80 

7.(2 

4.99 

“ 

— 

* 

“ 

” 

” 

“ 

" 

Table  6 MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  1 0.2  kHz  FOR  SEVERAL 
RECORDING  SITES  IN  1968. 

The  standard  deviation  of  the  observed  phase  difference  values  are  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  excluded.) 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  daytime,  night- 
time and  24-hour  periods  for  the  OMEGA  pair  NORWAY  minus  TRINIDAD  (A-B). 


OMEGA  PAIR 
A-E  (10.2  kRl) 

DaytlM,  11(1 


Sit. ./Month 

Jan 

Fab 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

8«p 

Oct 

MOV 

Dac 

0*lo 

- 

4.97 

2.70 

3.44 

3.8( 

2.31 

5.59 

2.(4 

2.99 

(.01 

7.44 

• 

R««taona 

- 

9.1( 

7.3( 

4.09 

3.30 

4.18 

3.03 

2.90 

4.05 

10.35 

9.35 

- 

E.fl.vtt 

- 

- 

- 

4.79 

(.84 

(.(9 

- 

7.18 

- 

8.90 

• 

- 

HUMClHt 

- 

1.45 

7.03 

3.(7 

3.40 

3.(0 

3.37 

4.08 

3.88 

9.81 

- 

- 

My  Al.sund 

- 

- 

- 

(.48 

5.91 

(.71 

(.21 

7.39 

7.48 

* 

- 

- 

Nighttia.,  19(8 

O.lo 

5.48 

5.32 

5.58 

4.(8 

- 

- 

• 

4.K 

5.95 

S.S( 

5. 15 

4.57 

R.ataona 

5.(8 

(.31 

5.07 

4.55 

- 

- 

- 

(.20 

5.(2 

7.4> 

(.9( 

5.71 

lt.fl.vtt 

- 

- 

- 

4.79 

- 

- 

- 

* 

4.97 

7.18 

4.81 

HaMMrf.it 

4.07 

5.08 

5.(2 

4.94 

- 

- 

4.91 

5.18 

S.S( 

5.33 

My  Al.auad 

4.45 

5.13 

4.(1 

- 

- 

- 

* 

- 

4.45 

3.42 

5.98 

(.34 

24-tour.,  19(1 

Otlo 

5.(5 

(.17 

4.28 

4.91 

4.82 

2.22 

5.82 

3.88 

4.12 

(.07 

8.03 

4.88 

Ra.taona 

(.24 

8.21 

(.85 

5.19 

5.13 

5.79 

4.28 

4.94 

5.09 

9.49 

8.02 

(.35 

R.fl.vtt 

• 

* 

• 

5.05 

7.08 

(.19 

« 

7.(2 

- 

7.08 

8.(4 

5.00 

HMr  *rf.st 

5.13 

7.53 

(.95 

5.57 

5.01 

4 *1( 

4.25 

4.(0 

5.32 

8.(0 

(.99 

(.92 

My  Al.«uad 

5.71 

7.19 

(.79 

(.32 

5.(0 

(.05 

7.33 

(.50 

(.15 

5.70 

7.54 

(.79 

Table  7 MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  1 0.2  kHz  FOR  SEVERAL 
RECORDING  SITES  IN  1968. 

The  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  exluded.) 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  daytime,  night- 
time and  24-hour  periods  for  the  OMEGA  pair  NORWAY  minus  HAWAII  (A-C). 


OMEGA  PAIR 
A-C  {10.2  kHz) 


Daytime,  1968 


Sltea/Month 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

Oalo 

- 

- 

- 

. 

5.57 

_ 

7.03 

_ 

- 

- 

- 

- 

Heatmona 

• 

- 

10.12 

3.82 

4.36 

4.57 

4.69 

- 

- 

- 

- 

Hanmerfeat 

- 

- 

- 

9.46 

4.94 

4.68 

5.19 

6.58 

- 

- 

- 

Ny  Aleaund 

- 

- 

- 

- 

3.43 

3.64 

3.69 

4.64 

- 

Nighttime, 

1968 

Oalo 

7.99 

- 

- 

- 

. 

- 

- 

- 

- 

- 

6.86 

6.37 

Heatmona 

9.01 

7,00 

- 

- 

- 

- 

- 

- 

6.31 

5.52 

Hanmerfeat 

7.95 

- 

- 

- 

- 

- 

- 

- 

- 

8.00 

7.47 

Ny  Aleaund 

6.42 

6.96 

* 

- 

- 

- 

4.61 

5.91 

24 -hour a, 

1968 

Oalo 

9.32 

8.70 

8.76 

7.97 

7.29 

5.70 

7.97 

6.98 

8. 08 

8.47 

9.07 

7.28 

Heatmona 

9.99 

8.39 

8.52 

11.47 

4.58 

4.68 

4.73 

5.17 

6.71 

7.13 

9.30 

6.76 

Hanaaerfeat 

6.82 

6.38 

8.12 

8.87 

5.11 

4.87 

5.35 

6.55 

7.56 

7.82 

7.67 

7.88 

Ny  Aleaund 

6.34 

5.84 

6.54 

8.26 

3.95 

3.67 

4.11 

5.01 

6.47 

5.40 

5.69 

5.73 

Table  8 MONTHLY  STATISTICS  ON  OMEGA  SIGNAL  VARIABILITY  AT  1 3.6  kHz  RECORDED  AT 
HESTMON A,  NORWAY  DURING  1967-1970. 

The  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
monthly  basis.  (Data  recorded  during  solar  proton  events  were  excluded.) 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  a 24-hour 
period  for  the  OMEGA  pain  TRINIDAD  minus  NORWAY  (B-A)  and  HAWAII  minus  NORWAY  (C-A). 


OMEGA  PAIR 
B-A  (13.6  kHz) 


T Me  V MOM  HLV  STATKTtCS  ON  OMEGA  51GNAL  VARIABILITY  AT  10.2  kHz  and  tJ.tkliz  RECuRlitb 
AT  HESTMONA,  NORWAY  DURING  1967-1970. 

Thu  standard  deviation  of  the  observed  phase  difference  values  was  computed  for  each  hour  of  the  day  on  a 
b life  | lute  mudfj  duri.«  wuim  jrroton  null  hc-t  s i.iuJnd  i 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  standard  deviations  grouped  into  a 24-hour 
period  for  the  OMEGA  pair  HAWAII  minus  NORWAY  (C-A). 

one  da  rut 

C-A  13.6  kHz 


Year/Honth 

Jan 

Fab 

Mar 

Apr 

Kay 

Jun 

Jul 

nug 

Sep 

Oct 

Nov 

Dec 

1967 

- 

- 

- 

- 

2.90 

5.71 

4.22 

4.22 

7.14 

12.20 

6.10 

8.37 

1968 

8.72 

7.20 

8.87 

10.08 

3.22 

4.25 

4.41 

4.30 

5.41 

6.66 

8.18 

6.76 

1969 

4.78 

S.16 

11.78 

10.04 

5. S3 

4.50 

2.69 

3.36 

4.97 

11.69 

7.23 

5.63 

1970 

7.02 

7 .80 

8.86 

7.51 

- 

- 

- 

- 

- 

- 

- 

- 

10.2 

kHz 

1967 

- 

- 

- 

- 

4.15 

7.71 

4.66 

4.97 

7.63 

13.56 

8.  *6 

7.96 

1968 

9.99 

8.39 

8.S2 

11.47 

4.53 

4.68 

4.73 

5.17 

6.71 

7.13 

9.80 

6.76 

1969 

S.  36 

6.20 

12.97 

12.11 

6.47 

5.75 

3.40 

3.73 

6.31 

12.11 

7.96 

5.81 

1970 

7.56 

7.94 

10.34 

9.14 

4.54 

4.85 

5.46 

. 

9.81 

11.90 

6.79 

7.17 

Table  1 0 MONTHLY  STATISTICS  ON  OMEGA  PREDICTABILITY  AT  1 0.2  kHz  FOR  SEVERAL  RECORDING 
SITES  DURING  1968-1970. 

The  r.m.s.  variation  of  the  observed  phase  difference  values  from  the  predicted  values  for  OMEGA  station 
pairs  were  computed  for  each  hour  of  the  day  on  a monthly  basis.  (Data  recorded  during  solar  proton 
events  were  excluded  and  the  sky  wave  correction  model  of  1969  was  used.) 

The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  r.m.s.  values  grouped  into  a 24-hour  period  for 
the  OMEGA  pair  NORWAY  minus  HAWAII  (A-C). 


OMEGA  PAIR i A-C  (10.2  kHz) 


Sltaa/Month 

Jan 

Feb 

Mar 

Apr 

Nay 

Jun 

Jul 

Aug 

sap 

Oct 

Nov 

DtC 

Oslo 

20.33 

20.21 

11.14 

11.27 

8.82 

7.91 

10.31 

6.49 

12.35 

12.24 

12.99 

11.03 

Heataona 

14.00 

14.16 

14.96 

17.36 

8.10 

9.82 

13.16 

10.39 

7.17 

12.39 

6.83 

7.78 

Haaaerfeat 

19.75 

19.01 

9.10 

9.16 

7.44 

9.35 

7.70 

10.23 

13.52 

12.22 

16.41 

15.33 

Ny  Alaaund 

10.68 

1 1.32 

10.70 

11.13 

4.65 

5.20 

6.64 

7.55 

9.06 

10.17 

10.12 

10.82 

1969 

Oalo 

13.69 

9.37 

11.96 

13.02 

10.08 

- 

18.47 

14.37 

10.01 

- 

- 

- 

Has  tJoona 

6.13 

10.79 

16.11 

20.33 

11.29 

16.50 

24.24 

16.19 

9.03 

19.02 

9.15 

7.51 

Haaaerteat 

15.99 

10.79 

10.62 

11.58 

7,.  3 

7.34 

9.15 

13.36 

- 

- 

- 

- 

My  Alaaund 

12.49 

9.18 

11.36 

17.46 

6.02 

9.20 

13.96 

9.59 

- 

- 

- 

- 

1970 

Oslo 

8.16 

8.81 

_ 

. 

9.79 

10.35 

12.16 

11.18 

12.37 

14.05 

10.37 

11.49 

Heataona 

10.38 

10.25 

23.52 

15.36 

10.35 

12.41 

16.21 

- 

12.57 

19.12 

7.83 

7.93 

Troase 

15.90 

13.69 

- 

- 

8.54 

9.87 

11.36 

6.77 

12.12 

16.55 

12.56 

16.22 

Ny  Alaaund 

- 

9.75 

20.30 

11  >S 

7.85 

6.82 

10.61 

13.19 

14.54 

11.10 

9.01 

10.41 

18-10 
Table  11 


MONTHLY  STATISTICS  ON  OMEGA  PREDICTABILITY  AT  10.2  kHz  FOR  SEVERAL  RECORDING 
SITES  DURING  1969. 


The  r.m.s.  variation  of  the  observed  phase  difference  values  and  the  predicted  values  for  OMEGA  station 
pairs  were  computed  for  each  hour  of  the  day  on  a monthly  basis.  (Data  recorded  during  solar  proton 
events  were  excluded  and  the  sky  wave  correction  model  of  1969  was  used.) 


The  table  gives  the  r.m.s.  variation  (in  cec)  of  these  hourly  r.m.s.  values  grouped  into  a 24-hour  period  for 
the  OMEGA  pair  NORWAY  minus  TRINIDAD  (A-B). 


OMEGA  PAIR:  A-B  (10.2  Ids) 


1969 


Sites/Month 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

Oslo 

7.38 

7.62 

10.44 

7.51 

7.19 

- 

8.83 

7.44 

7.93 

- 

- 

- 

Hestnona 

6.96 

14.95 

12.27 

co 

H 

17.23 

10.90 

5.75 

8.56 

11.15 

12.50 

10.58 

8.09 

Kaflavlk 

8.71 

11.33 

8.90 

6.44 

12.28 

9.35 

7.82 

6.51 

6.63 

9.67 

8.76 

6.76 

Haanerfest 

12.50 

14.12 

14.42 

18.47 

16.78 

12.87 

7.72 

8.61 

11.60 

- 

- 

- 

Ny  Alasund 

14.17 

14.09 

16.23 

10.97 

11.23 

14.65 

19.92 

19.11 

“ 

“ 

- 

- 

Table  12  Solar  X-ray  flare  effects  upon  OMEGA  propagation  in  1968.  The  duration  (in  min)  and  maximum  phase 
offset  (in  cec)  have  been  evaluated  for  all  SXR  events  evident  in  the  OMEGA  NORWAY  minus  TRINIDAD 
(recorded  at  Oslo)  and  OMEGA  NORWAY  minus  HAWAII  (recorded  at  Ny  Alesund)  data.  The  table 
gives  the  mean  duration  and  offset  as  well  as  the  corresponding  standard  deviations. 


SXR-EFFECTS  ON  OMEGA  PROPAGATION  AT  10.2  kHz  IN  1968 


A-S 

OSLO 

A-C 

NY  ALESUND 

MEAN 

DURATION  (ata) 

N 

S3 

IT  DEV  (aM 

N 

31 

MIAN  PHASE  • 
OFFSET  (mc) 

23 

22 

ST  DEV  M 

11 

11 

PRESENCE  OF  SXR-EFFECTS  l>  INI: 

-» 


^flgggjUlM 

t 


t 


Table  13  Estimated  maximum  phase  deviation  during  solar  proton  events  for  OMEGA  PAIR  A-C 
(10.2  kHz)  recorded  at  Ny  Alesund,  Svalbard 


Solar  proton  events  Phase 

(dates)  deviation 

(In  cec) 


26 

Apr 

- 

28 

Apr 

'68 

25 

9 

Jun 

- 

12 

Jun 

H 

35 

6 

Jul 

- 

30 

Jul 

n 

30 

26 

Sep 

- 

9 

Oct 

N 

45 

18 

Nov 

- 

21 

Nov 

H 

40 

3 

Dec 

- 

9 

Dec 

N 

30 

24 

Jan 

- 

27 

Jan 

•69 

>10 

25 

Feb 

- 

5 

Mar 

n 

50 

21 

Mar 

- 

23 

Mar 

N 

35 

30 

Mar 

- 

3 

Apr 

H 

45 

11 

Apr 

- 

17 

Apr 

N 

40 

13 

May 

mm 

15 

May 

N 

20 

2 

Nov 

“ 

10 

Nov 

It 

60 

5 

Nov 

8 

Nov 

•70 

30 

* No  data  for  24  and  25  January  1969 


4 


Figure  1.  Map  shoving  the  positions  of  OMEGA  recording  sites  at  Oslo,  Hestmona  (Aldra),  Keflavik,  Troms0, 
Hanmerfest  and  Ny  Alesund.  Lines  of  constant  L-vaiue  are  drawn  for  representative  values . 
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Figure  2. 


Phase  difference  recording  of  OMEGA  NORWAY  sinus  HAWAII  (10.2  kHz)  Bade  at  Ry  Alesund  on  8 July 
1986.  This  SXR  flare  disturbed  the  phase  values  for  ‘175  min;  maximum  phase  offset  *60  cec. 
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Figure  3.  OMEGA  position  fixes  at  Ny  Alesund  during  the  SXR  flare  on  8 July  1968. 
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Figure  4.  OMEGA  phase  difference  offset  rs  frequency  of  occurrence  of  Sffi-effects  in  1968  for  two  station 
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Figure  5.  VLF  recordings  at  Tromajzi  during  a solar  proton  event  starting  on  31  October  1968.  Phase  and 

amplitude  curves  are  given  for  three  VLF  paths  (cf  map  in  Figure  6).  The  shaded  area  represents 
the  deviations  frets  average  phase  variation. 


Figure  6.  Map  snowing  the  propagation  paths  frets  SPG  (Seattle,  USA)  and  the  OMEGA  tranasiitters  Trinidad 
and  Havaii  to  Tromsg.  The  position  of  the  auroral  tone  is  indicated  by  the  dashed  curve. 
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Figure  7.  Fhase  difference  variations  for  selected  CMEGA  pairs  recorded  at  the  Oslo  and  Hammerfest  sites 
during  a solar  proton  event  in  February /March  1969 . The  pairs  of  dashed,  horizontal  lines  mark 
the  boundaries  for  normal  diurnal  phase  variations  for  the  different  OMEGA  station  combinations. 
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E.R.Swanson,  Naval  Electronics  Laboratory  Center,  San  Diego,  CA  92152,  USA 

The  reference  to  me  as  a source  of  data  is  appreciated.  However,  1 would  like  to  clarify  its  meaning.  I will  admit  to 
being  associated  with  the  monitoring  program  and  take  the  blame  for  any  errors  in  computation  or  editing,  however, 
I did  not  personally  make  the  measurements.  300,000  hours  of  data  did  not  measure  themselves.  Several 
Norwegians  were  responsible.  H-P.Rise  was  in  charge  at  Hestmona,  while  Dr  Larsen  was  personally  responsible  for 
the  monitoring  at  Oslo  and  Hamm  erf est  (Tromso). 


SHORT  RANGE  NAVIGATION  REQUIREMENTS  FOR  TRANSPORT  SYSTEMS 


Louis  W.  Roberta 
George  G.  Haroules 
U.  S.  Department  of  Transportation 
Transportation  Systems  Center 
Cambridge , Massachusetts  02142 
United  States  of  America 


The  Short  Range  Navigation  Requirements  for  Trsnsport  Systems  are  presented.  A brief  discussion  of 
the  overell  errors  affecting  the  accuracy  of  radio  navigations  systems  is  discussed  in  terms  of  their 
impact  on  the  requirement.  Several  scenarios  typical  of  transport  problems  with  their  Inherent  accuracy 
requirements  are  also  presented  to  emphasize  the  propsgation  problems  that  need  to  be  satisfied  as  a 
function  of  frequency.  A recently  discovered  principle  of  Interferometry  is  submitted  as  a solution  to 
solve  the  transport  requirements. 

1.  INTRODUCTION 


The  evaluation  of  methods  for  the  generation,  rediation  and  reception  of  radio  waves  has  made 
practical  their  use  for  the  purpose  of  navigation  and  position  determination.  Early  techniques  produced 
results  if  limited  accuracy.  However  with  advances  in  radio  techniques  and  technology  have  come  improve- 
ments in  -he  accuracy  end  reliability  and  extensions  to  the  applicability  of  radio  methods  of  distance 
measurement  and  position  fixing. 

The  measurement  of  distance  by  radio  had  its  origin  in  the  original  experiments  of  Heinrich  Hertz 
when  he  demonstrated  that  electromagnetic  waves  could  be  concentrated  into  beams  by  means  of  parabolic 
mirrors.  The  first  prectical  applications  of  radio  to  distance  measurement  employed  the  principle  of 
direction  finding.  In  fact,  the  early  history  of  position  finding  end  distance  measurement  by  radio  is 
the  history  of  direction  finding.  From  the  direction  finding  measurement,  the  line  of  position  of  the 
receiver  from  the  transmitter  can  be  determined  and  drawn  on  a map.  The  intersection  of  two  lines  of 

position  from  two  known  separated  transmitter  locations  gives  a position  fix.  The  distance  of  the  receiver 

from  each  of  the  transmitters  then  can  be  determined  by  calculation  or  by  scaling  from  a map. 

At  the  present  time,  radio  techniques  are  used  in  such  diverse  requirements  aa  marine  and  air  navi- 
gation and  guidance,  aircraft  terieln  cleerance  and  landing,  collision  avoidance  of  vehicles,  surveying 
and  geodesy,  in  meteorology  for  measurement  of  air  mass  movements,  storm  location  and  hurricane  tracking, 
radio  astronomy,  and  the  precise  determination  of  the  location  of  people,  places,  things  end  events.  Such 
a survelllence  system  of  land  vehicles  is  emerging  as  a new  service  called  Automatic  Vehicle  Monitoring. 

The  feasibility,  range  and  accuracy  of  radio  distance  measurement  depends  ultimately  on  the  propaga- 
tion characteristics  of  the  redlo  waves  which  form  the  besls  of  the  measurement. 

Since  in  a radio  measurement,  distance  is  determined  by  e meesurement  of  time,  it  is  necessary  to 
know  the  velocity  end  the  path  of  the  wavea  in  order  to  determine  the  geometric  dlstence.  The  propagation 
velocity  end  the  path  both  ere  determined  by  the  propagation  cherecterlstlcs  of  the  medium.  It  is  possible 
in  generel  because  of  the  complex  structure  of  the  etmosphere  for  radio  waves  to  arrive  at  receiving  loca- 
tion vie  more  than  one  peth.  In  discussing  propagation  characteristics,  it  is  convenient  to  divide  them 
into  the  categories  of  ground  wave,  tropospheric  and  ionospheric  characteristics.  To  these  must  be  added 
the  characteristics  of  nolae  end  interference,  since  the  emplltude  of  the  slgnel  which  is  required  for  a 
useful  meesurement  depends  on  the  noise  level  in  the  receiver.  Those  propagation  errors  which  limit  the 
performance  in  terms  of  the  accurecy  of  a radio/navlgatlon  system  may  be  clesslfled  es  the  propagation 
velocity  error,  the  propegatlon  peth  error  end  the  propegetlon  multipath  error.  The  velocity  error  erlses 
from  the  use  of  an  Incorrect  value  of  velocity  to  convert  the  time  meesurement  into  distance.  The  peth 
error  is  usually  ceused  from  the  effects  of  atmospheric  refraction  and  dispersion.  The  multlpeth  error 
arises  as  the  result  of  two  redlo  wevea  of  varying  phese  difference  being  verled  in  phase  with  respect  to 
the  reference  weve.  An  example  would  be  the  contamination  of  ground  weves  by  sky  weves  or  noise.  Another 
example  is  shown  in  Figures  1 end  2 in  which  energy  arrives  at  the  receiver  via  different  paths. 

1.2.  Clesses  of  Radio  Navigation  and  Poaitlonlng  Systems. 

Conventional  redlo  aystems  used  for  distance  measurement  and  position  fixing  can  be  classified  into 
three  cetegorles  es  follows;  (1)  Phase  systems;  (2)  Pulse  systems;  end  (3)  Pulse  end  phesed  systems. 
Dlstence  is  determined  correspondingly  in  terms  of  peth  phese,  pulse  deley  or  a combination  of  the  two. 
Thus,  e system  which  provides  a position  fix  may  be  effected  either  by  the  meesurement  of  two  beerlngs,  one 
distance  end  one  beering;  or  two  dlstences.  The  last  method  cen  be  further  subdivided  since  either  the 
dletence  may  be  measured  directly  or  the  sum  or  difference  of  two  dlstences  may  be  measured.  Radio  systems 
may  be  charecterized  by  the  types  of  signel  used  es  well  es  by  the  principal  application. 

Rdaiu  systems  uTid  tot  m angle  only  wnumrat  do  nut  perform  a dlsia.it:*  msasurams.it  but  can  be 
used  to  obtain  a position  fix.  Such  radio  systems  determine  only  a direction.  If  transmitter  or  receiver 
poaltion  is  known,  then  this  direction  leada  to  a line  of  poaltlon.  To  obtain  a position  fix  with  such  a 
system  ttqtiw  ut«  « iteet  two  ir  tssseriln*  14m*  at  petit  to*  m kuuii.  wi  • Its  ■ attains  a stum 
beaeline.  The  tvo  types  of  angle  only  systems  most  corannly  used  are  redlo  direction  finding  end  redlo 
beacona. 

Table  I presents  e c lass if ice t ion  of  systems  under  the  categories  of  type  of  dlstence  meesurement, 
type  of  position  fix,  type  of  slgnel  transmitted  end  primary  appllcetion. 


1.3.  Nature  of  Accuracy  of  Radio  Navigation  Systems . 


The  overall  error  of  a radionavigation  measuring  system  may  be  divided  into  the  following  parts: 

(1)  the  propagation  error;  (2)  the  instrumentation  error;  end  (3)  the  observation  error. 

The  first  type  of  error  is  external  to  the  instrumentation  of  the  navigation  system  while  the  last 
two  types  are  internal.  For  position  fixing  systems,  these  errors  may  combine  in  different  ways  for 
different  parts  of  the  operating  area.  The  propagation  error  for  example,  may  be  a function  of  direction, 
distance  and  station  configuration. 

The  division  of  internal  errors  into  categories  of  instrumental  and  observational  is  not  necessarily 
based  on  the  function  performed.  For  example,  in  some  systems  a given  function  is  performed  by  a human 
observer  while  in  other  systems  the  same  function  is  performed  by  a part  of  the  electronic  equipment.  In 
the  former  case  an  error  in  performing  the  function  would  be  classed  as  an  observational  error  while  in  the 
latter  case,  it  would  be  classified  as  an  instrumental  error. 

Errors  in  radio  navigation  systems  are  also  classed  as  systematic  errors  or  random  errors.  A 
systematic  error  is  one  which  obeys  a definite  law  with  respect  to  some  cause;  usually  not  known.  An 
example  is  the  use  of  an  incorrect  value  of  velocity  of  propagation.  Systematic  errors  are  constant  or 
of  the  same  sign  from  one  observation  to  the  next.  Random  errors,  on  the  other  hand  result  from  chance 
variations  in  equipment  or  observation  and  may  be  positive  or  negative  with  equal  likelihood.  Hence,  the 
mean  of  a large  number  of  observations  will  reduce  the  effect  of  random  errors.  The  mean  will  not 
eliminate  systematic  errors  however. 

System  errors  eventually  can  be  detected  and  allowed  for,  even  though  the  cause  may  not  be  known. 
Random  errors  on  the  other  hand  impose  a limit  on  the  reliability  of  the  measurement. 

1.4.  Errors  in  Position  Fixing. 

The  error  of  a position  fix  depends  on  the  errors  In  the  two  position  lines  whose  intersection 
determines  the  fix.  The  size  and  shape  of  the  region  of  uncertainty  surrounding  a fix  is  different  for 
different  systems.  Hence,  the  shape  of  the  error  contours  varies  with  the  type  of  system.  Radio  Navi- 
gation Systems  fall  into  the  following  categories: 

(1)  Angle  only  or  azimuth  systems;  (2)  Rho-theta  systems;  (3)  Range  systems;  and  (4)  Hyperbolic 
systems. 

Systems  using  multi lateration  techniques  or  interferometric  fall  into  the  above  categories  or 
their  combination. 

Table  II  shows  the  comparative  characteristics  of  some  of  the  more  recent  electronic  positioning 
systems  classified  basically  as  hyperbolic  systems. 

In  general,  the  radial  error  of  a position  fix  will  include  both  system  and  rsndom  errors.  By 
calibration  system  errors  can  be  eliminated. 

If  the  radial  error  is  small  compared  to  the  distance  from  a station,  ths  position  lins  in  the 
vicinity  of  the  fix  point  may  be  considered  to  be  parallel.  The  situation  then  may  be  representsd  as  in 
Flgurs  3. 

In  this  figure,  P represents  the  true  position  while  F reprssents  ths  fix  position  as  dstsrminsd 
by  ths  intersection  of  ths  position  lines  L}  and  Lj.  The  parallelogram  FF^pp1  definss  the  distance 
error  through  its  major  diagonal  FP-Dg. 

Lines  drawn  through  P parallel  to  and  L2  then  define  the  errors  of  ths  position  linss  for  this 
particular  measursment  which  are  E}  and  E2.  The  angls  of  intersection  of  the  position  line  is  denoted 
by  9.  An  elementary  dsrlvation  gives 

(1)  Dg2 3  - Ex2  + E22  + 25^2  Cos  9 

sin2  9 

This  applies  for  a single  measurement.  For  a large  nudber  of  measurements  n the  mean  square  distance 
srror  will  be 

(2)  d2  - 1 I DE2  - 1 [ I Ej2  + I E22  + 2 cos  9 Z 

n n sin  9 

(3)  “ 1 (o^i  + Oj2  + 2R^2  0^02  cos  9) 

sin29 

where  ■ the  standard  deviation  of  the  error  of  position  line 

02  ■ the  corresponding  quantity  for  L2 
Rx2  ■ the  correlation  coefficient  bstween  ths  two  errors 

1.3.  Economy  of  Spectrum  Use. 

Radio  Frequencies  are  allocated  in  accordance  with  international  treaty  agreements  expressed  in 
ths  Radio  Regulations  of  the  International  TslscoMunicatlons  Union.  Table  III  is  a list  of  Radlonaviga- 
tlon  aids  and  their  associated  frequency  bands  that  are  used  in  Transport  Svstsms . 


1.6.  Common  Denominator  Transport  System  Requirements. 

Tie  - jmfc.f  <Wuumi-.ial t»  liquUwHt’M*  :(  bfccn  tangt  wl|uUt  Id*  u»>«v«U  tfUM  uni)  U* 
angular  precision,  precise  range  and  high  data  rate  ara  tha  performance  requlraments  that  are  Imposed  on 
a vehicle  control  system.  In  fact  the  re.  "ireisept*  f.ir  n»vitetion:,  ri^y  lx,!  Vi  dhtaTILlmiCiu"  en<f  «">rveitlCi(U]* 
systems  are  functionally  similar,  frequently  identical  and  often  not  dependent  on  a specific  vehicle  type. 
This  results  as  a consequence  of  the  fact  that  all  transport  systems  consist  of  terminals,  vehicle  ways 
interconnecting  the  terminals,  vehicles  which  move  on  the  vehicle  ways  and  a control  system  to  assure  the 
efficient  operation  of  the  system. 

Efficiency  includes  a broad  spectrum  of  considerations.  One  important  consideration  is  navigation 
of  vehicles  within  the  defined  boundaries  of  the  vehicle  ways.  Another  is  the  avoidance  of  collisions 
with  other  vehicles  using  a common  vehicle  way.  Such  functional  requirements  are  common  to  all  transport 
vehicle  systems.  Though  the  specific  nature  of  the  control  system  for  each  vehicle  system  is  Influenced  by 
restraints  peculiar  to  each  system,  the  parts  of  a transport  vehicle  control  system  are  functionally  quite 
similar.  In  transport  systems  the  prime  emphasis  is  on  air  and  marine  requirements.  Aircraft  and  marine 
vehicles  require  a continuous  availability  of  position  information  exclusive  of  the  time  of  day,  the 
visibility  restrictions  or  adverse  weather  conditions.  The  safety  of  marine  and  air  vehicles  is  predicated 
upon  the  availability  and  reliability  of  a stated  or  measured  position  as  well  as  the  prudent  use  of 
available  navigation  information.  However,  there  is  an  emerging  requirement  in  supplying  land  users  with 
navigational  aids  which  have  similar  operational  features  to  those  used  by  marine  and  air.  Land  users 
also  have  the  prime  objective  of  taking  the  most  efficient  path  from  origin  to  destination  with  the 
avoidance  of  hazards  and  the  prevention  of  conflictlon  between  vehicles. 

Table  IV  is  a broad  summary  of  navigation  requirements  by  operational  area  categories  for  air, 
marine  and  land.  Those  propagation  anomalies  are  also  identified  in  terms  of  the  particular  system 
being  used. 

Tables  V,  VI,  VII  are  the  individual  vehicle  requirements  for  Air  Navigation,  Marine  Navigation 
and  Land  Navigation.  The  navigation  system  requirements  to  satisfy  the  users  needs  are  also  identified. 

Though  the  sensing  of  vehicle  position  in  a transport  system  is  a necessary  input  function  of  a 
control  system,  the  required  measurement  accuracy  is  intimately  interrelated  with  time  as  a consequence 
of  vehicle  mobility  and  velocity.  The  velocity  vector  (speed  and  direction)  of  a vehicle  can  be  obtained 
in  delayed  time  from  a quantized  picture  of  the  vehicle  position  with  time.  A time  picture  of  the 
velocity  vector  Includes  knowledge  of  changes  in  vehicle  speed  and  direction  that  is  the  acceleration 
vector. 


w 


Therefore,  it  is  clear  that  the  precision  to  which  vehicle  velocity  is  known  is  determined  by 
both  the  accuracy  of  position  measurements  and  the  time  between  position  measurements  on  position  data 
renewal  rate. 

It  is  from  the  above  that  the  relatively  simple  and  obvious  conclusion  that  the  knowledge  of 
«*tuU-  ,lSUI(M  Is  a-jaiily  as  imp* (tent  i‘  flu  mt£*tr.ih«  -orJUcL.  rjtttt  tC  util,  cm  mrtLrLse  e. 
is  position  data  renewal  rates. 

Stuit  kS.ige  Lf  LiXuS,#«/fL  sytteuS  It.Iifc rt.lt  pvl.t,llLig 

and  ranging  capabilities  in  order  to  satisfy  a broad  variety  of  navigation  ap: locations. 

1.7.  Vehicle  Position  Measurement 


The  determination  of  vehicle  position  is  just  one  functional  part  of  a vehicle  control  system. 

It  is,  however,  a very  important  part.  The  common  denominator  nature  of  this  function  in  three  specific 
modes  of  operation  can  be  described  as  surveillance,  guidance,  and  collision  avoidance. 

Surveillance;  Vehicle  surveillance  refers  to  the  measurement  of  the  positions  and  motions  of 
vehicles  in  a common  fleet.  Position  measurements  are  performed  from  one  or  more  fixed  sites.  A 
further  requirement  of  surveillance  is  tht  identification  of  each  vehicle  with  its  position  and  motion. 

One  example  of  the  surveillance  function  as  used  in  this  context  is  an  air  traffic  control  radar 
beacon  capability.  In  i.te  skin  track  modes,  the  radar  measures  aircraft  positions  and  motions  relative 
to  the  fixed  location  of  the  radar.  The  radar,  however,  does  not  provide  aircraft  identification.  This 
is  accomplished  through  simultaneous  use  of  an  air  traffic  control  beacon  system. 

The  function  of  vehicle  surveillance  is  to  provide  a vehicle  fleet  controller  with  the  necessary 
information  concerning  vehicle  positions  and  identifications  needed  to  space  and  sequence  the  vehicle 
along  the  vehicle  ways  in  an  orderly,  safe  and  efficient  msnner. 

Three  specific  surveillance  mode  applications  of  ground  transport  system  requirements  are  iden- 
tified and  will  be  discussed  to  emp>  ilte  the  problem.  They  are:  Vessel  traffic  surveillance;  Airport 

ground  traffic  surveillance;  Automatic  vehicle  monitoring. 

in  tie  vessel  ttmfflt  SySleA  u.e  potilUm  ut  ssitmu  cl  tU  Ull 

ships  in  transit  through  a Harbor  Lane  are  made  available  to  a Vassal  Traffic  Controller.  Tha  system 
is  fully  automated.  The  introduction  of  this  capability  allminates  the  need  for  marina  radio  raportlng 
and  significantly  reducas  radar  survalllance  and  raportlng  requlremants.  An  automated  system  of  this 
type  would  qualify  as  the  prime  system  for  shipping  traffic  surveillance  with  radar  as  a redundant 
aijygort  systam.  Marina  radar  (voice  communication)  would  ba  used  only  to  identify  vassals  of  large 
hull  slse  detected  by  radar,  which  are  not  equipped  with  the  discrete  address  beacon  system. yor  a proposed 
application  of  the  beacon  to  vessel  traffic  surveillance,  the  system  configuration  and  anticipated  per- 
formance is  as  follows: 


Requirements  and  Assumptions 

A current  objective  Is  to  provide  a Category  II  landing  capability  at  Logan  Airport,  for  which 
t>>e  usable  length  of  Runway  4R  will  be  greater  than  the  present  7,500  feet.  An  important  requirement  is 
introduction  of  a reliable  means  for  detecting  and  reporting  the  presence  of  tall  ships  when  located  in 
or  in  the  vicinity  of  the  4R  approach  zone.  It  would  appear  that  the  implementation  of  a responsive 
Vessel  Traffic  System  is  needed  to  solve  this  requirement. 

Figure  IV  is  a simplified  functional  block  diagram  depicting  the  integration  of  a Vessel  Traffic 
System  with  the  Air  Traffic  Control  System  at  the  Logan  Airport.  Detection  and  reporting  of  tall  shipa 
is  predicated  on  voice  communication  by  marine  radio,  radar  surveillance  and  a ship-installed  radio  beacon 
system.  A competitive  solution  to  beacon  system  requirements  is  desired. 

Beacon  Configuration 

Each  tall  vessel  would  be  equipped  with  a beacon  transmitter.  All  transmitters  would  operate  on 
the  same  frequency.  Each  transmitter  would  include  a discrete  address  subsystem  similar  to  the  Bell  Boy 
page  system,  shown  in  Figure  V.  The  receiving  array  would  be  located  on  Governor's  Island,  as  shown  in 
Figure  VI.  This  array  would  provide  full  coverage  of  the  Harbor  Lane  in  two  contiguous  90*  sectors. 

Beacons  would  be  addressed  by  role  call  via  the  discrete  address  system  which  without  modification 
can  accommodate  100  ships  every  20  seconds. 

Performance 


Ship  positions  are  measured  in  azimuth  angle  and  range,  similar  to  a radar  scope  presentation.  The 
azimuth  angle  accuracy  is  0.05°  independent  of  range.  The  range  accuracy  is  range  dependent  and  varies 
from  a minimum  of  9m  at  the  intersection  of  the  centerline  of  the  Harbor  Lane  with  the  centerline  of  Runway 
4R  to  a maximum  of  43m  in  the  EAST  DECISION  ZONE  and  82M  in  the  WEST  DECISION  ZONE. 

Airport  Ground  Traffic  Surveillance 

The  application  of  radar  and  beacon  to  airport  ground  traffic  surveillance  differs  in  tha  nature 
of  the  functional  requirement,  but  ia  identical  to  the  vessel  traffic  surveillance  configuration  in  terms 
of  functional  parts.  Shipping  traffic  surveillance  in  the  Boston  Harbor  Lane  is  performed  for  tha  purpose 
of  alerting  landing  aircraft  of  tall  ships  penetrating  or  about  to  penetrate  tha  approach  zone  clearsnce 
limits  to  Runway  4R.  Airport  ground  traffic  surveillance  is  naadad  for  tha  afflciant  control  of  aircraft 
ground  traffic  movement,  under  the  conditions  of  poor  visibility.  At  present,  only  the  positions  and 
motions  of  ground  traffic  are  available, to  the  Ground  Traffic  Controller  through  observation  of  the  ASDE 
Radar  display.  Lack  of  aircraft  identifies cion  seriously  impedes  the  release  of  prompt  and  effective 
ground  traffic  control  advisories.  During  inclement  weather,  the  praaent  Airport  Surface  Detaction 
Equipment  (ASDE)  is  limited  in  performance  st  its  maximum  range  becausa  of  its  oparational  frequency  24GHz 
and  severe  clutter. 

Requirements  and  Assumption 

The  important  perimeters  of  an  effective  Ground  Traffic  Management  System  include  tha  identifica- 
tion, position  and  movement  of  each  aircraft.  For  othar  than  viaual  identification,  a radio  signal  must 
be  transmitted  by  aach  aircraft.  This  can  be  accompllshad  by  aither  s dlscrate  address  bescon  system 
operating  on  a roll-call  basis  or  interrogation  of  ground  space  in  discrata  segments.  Either  approach 
assumes  availability  of  an  aircraft  installed  baacon.  ihe  two  techniques  differ  only  in  the  method  of 
interrogation. 

Syatea  Configuration 

Each  aircraft  is  equipped  with  a beacon  transmitter.  All  transmitters  operata  on  tha  sas te  fre- 
quency. Each  tranamltter  includes  a discrete  address  subsystem.  The  ground  trsnsmlttar  and  receiving 
array  ia  locatad  on  Governor's  Island  ss  shown  in  Figure  VII.  This  array  provides  full  covaraga  of  tha 
airport  in  two  contiguous  90*  sectors. 

Performance 


Aircraft  positions  are  measured  in  azimuth  angla  and  range,  similar  to  a radar  scope  presentation. 
The  azimuth  angla  accuracy  is  0.05°  independent  of  range.  The  range  accuracy  is  range  dapendent  and 
varies  from  25  feet  at  a range  of  500  feet  to  40  faet  at  a range  of  18,000  feat. 

Automatic  Vehicle  Monitoring 

Automatic  Vahicla  Monitoring  (AVM)  refers  specifically  to  that  class  of  electronic  means  usad 
for  ascertaining  at  any  time  at  a central  control  point  the  location  and  status  of  individual  vehicles 
in  a fleat  dispersad  in  an  urban  ares.  Typical  fleets  include  busas,  police  cars,  ambulancas,  etc. 
Vehicle  surveillance  in  this  case  allows  prompt  redirection  and  schaduling  of  flaet  vehicles  to  meet 
unanticipatad  variations  in  the  need  for  fleat  functions. 

Requirements  and  Assumptions 

An  AVM  aystem  is  an  electronic  means  for  ascertaining,  at  any  time  at  a cantral  control  point, 
tha  location  and  status  of  individual  vehiclas  in  a flaet  dispersed  i..  an  urban  area.  Desirable 
festuraa  includa: 


Coverage  area  typically  10  to  IS  miles  in  diameter; 

A minimum  of  S00  vehicles; 

A position  update  rate  of  at  least  once  every  10  seconds; 

Vehicle  position  resolution  of  at  least  SO  feet; 

Vehicle  identification  and  position  to  be  relayed  to  the  central  display  point  without  vehicle 
operator  assistance  (automatic); 

Availability  of  a voice  communication  link  with  each  vehicle; 

1*  UvAlLlty  ©1  h tuu  il  «a1  dutal  signal  link  (>1  AM  (vt  tatl.  WelAsl*-; 

Vehicle  Configuration 

Each  vehicle  would  be  equipped  with  a discrete  address  receiver  modified  to  operate  at  a 50Hz  call 
rate  and  equipped  with  data  printout  capability.  Each  vehicle  would  also  be  equipped  with  a Land  Mobile 
transceiver,  modified  to  transmit  a 10  millisecond  signal,  on  command  from  its  receiver,  (See  Figure  VIII) 

Three  receiving  terminals  (Ri,R2,R3/R)  would  be  disposed  at  the  points  of  an  equilateral  triangle 
approximately  10  miles  on  each  side.  (The  exact  triangular  form  and  distances  are  not  critical.)  The 
monitoring  station  would  be  located  at  one  of  the  three  receiving  stations.  The  receiver  in  each  case 
would  be  a modified  Land  Mobile  Band  receiver,  tuned  to  the  frequency  of  the  transmitted  signal.  Vehicles 
would  be  interrogated  in  roll-call  sequence,  via  the  discrete  address  system  at  a SOHz  rate.  This  system 
is  capable  of  transmitting  messages  within  the  address  format.  This  allows  the  capability  for  data  print- 
out at  each  vehicle  as  well  as  initiation  of  visual  and  aural  signals,  to  alert  the  operator  to  shift  to 
a voice  channel  for  direct  communication. 

Performance 

Based  on  a nominal  separation  distance  between  receiving  terminals  of  10  miles,  and  the  proper 
sideband  separation  frequency  of  20Hz,  a 10  millisecond  transmission  period  and  a 0.1*  phase  measurement 
jtt-rfr  aey , tae  ;jsUioii'te<  iwtijt.  cap  utility  ©4  the  system  ttiwrnM  toe  «yp4t*j.4y  *5  lesrt  4* 

the  x and  y map  coordinates  of  the  urban  area. 

Guidance 

Guidance  refers  to  those  modes  of  operation  in  which  each  vehicle  in  a fleet  is  equipped  with  a 
receiver  capable  of  detecting  and  processing  signals  to  derive  navigation  input  parameter  values,  such  as 
the  direction  and  distance  to  fixed  points  in  a local  framework  of  reference.  The  guidance  function 
Mhpllem  4 ttre  MBWMMMMft  mflft  position  of  Mat  Ml  twr*  fisted  reiet elite  -ptAtA*  in  s iotmi 

reference  framework.  A magnetic  compass  is  perhaps  the  simplest  example  of  a guidance  signal  receiver 
and  display  system. 

Two  specific  guidance  control  system  requirements  of  a transport  system  which  ere  identified  are 
channel  navigation  and  raiiroad  grade  crossing  control. 

Navigation  of  cargo  shipping  traffic  through  the  narrow  confines  of  the  St.  Lawrence  Seaway  during 
the  winter  months  has  been  selected  ae  the  specific  example  of  channel  navigation.  The  eyetem  configura- 
tion and  anticipated  performance  are  as  follows: 

Ejjc.ni  M enca  mbA  fcaawnr.t  I -ng 

All-weather  navigation  of  cargo  shipping  through  narrow  channelways  requires  Improvement  in 
present  methods  for  generating  radio  guidance  signals.  Typical  examples  of  this  need  are  the  several 
narrow  channel  sections  located  along  the  108  mile  extent  of  the  St.  Lawrence  Seaway  from  Lake  Ontario 
tcHhe  e4*  pmtmiiei.  AO.A  mii«<,  ..assist  of  six  separate  sections  Which  ate  relatively  ratios  <500  teat 
or  less).  The  two  longest  narrow  sections  ere  each  15  miles  in  length.  The  narrowest  is  the  Wiley 
Dondero  Ship  Channel  near  Massena,  New  York,  shown  in  Figure  IX. 

A recent  study  of  navigation  guidance  requirements  for  this  part  of  the  Seaway  led  to  the  conclu- 
sion that  a position  accuracy  of  *5  feet  cross  channel  and  *100  feet  down  channel  was  required.  The 
cross  channel  requirement  negates  the  efficacy  of  techniques  such  as  LORAN-C  or  radar,  unless  the  latter 
M meppotiel  by  Snavalistior  ot  « .eege  nasoet  of  ItM-ptsed  re (Lett  or*  et  pi  me  las  ly  «n on  lotetions 

Configuration 

Each  ship  would  be  equipped  with  a 4-channel  receiver  operating  from  a single  omni-directional 
receiving  antenna.  Two  transmitting  stations  would  be  required  for  the  Wiley  Dondero  Ship  Channel;  one 
located  at  the  Elsenhower  Lock  and  a second  approximately  5 to  6 miles  north  or  south  of  the  channel 
near  the  midpoint  of  the  narrow  section.  Both  stations  would  transmit  in  a two  element  IFI  Guidance 
Mode.  The  transmitter  at  the  Elsenhower  Lock  would  illuminate  front  and  back  15*  sectors,  as  shown  in 
Figure  X.  Separation  of  these  transmitting  elements  would  be  a nominal  1,5(10  feet.  The  transmitter  at 
Station  B would  illuminate  a single  120*  sector  covering  the  entire  length  of  the  narrow  channel  section. 
The  nominal  separation  of  transmitting  elements  at  this  site  would  be  250  feet. 

Performance 


The  cross-channel  position  of  the  vessel  is  provided  by  the  signal  transmitted  from  Station  A, 
which  allows  a measurement  accuracy  of  5 feet  at  a distance  of  74  miles.  The  down  channel  position  of 
Urn  at  ip  is  obtained  (g  pc&ceeelt*  the  signal  (OMUliid  (r»  tuila  i Da  bar  (lanl  fbe i»A'* 
eccurecy  veriee  with  the  position  of  the  ship  elong  the  channel  and  reaches  a maxi mas  of  35  feet  at 
sither  extremity  of  the  narrow  section. 
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.allroad  Crossing 

The  objective  at  a railroad  grade  crossing  la  to  prevent  collisions  between  trains  and  automobiles. 
Within  the  context  of  this  subject  the  associated  technology  does  not  usually  fall  In  the  category  of 
collision  avoidance.  Collision  avoidance  modes,  as  used  here,  refer  to  avoidance  of  collisions  between 
vehicles  In  a common  fleet,  and  not  between  vehicles  In  two  different  fleets.  The  technology  associated 
Vi.cn  coins  ion  avoidance  of  the  latter  type  (typical  of  grade  ciussiugs)  fells  In  the  category  of  guidance. 

Most  frequently  the  right  of  way  at  the  Intersection  Is  given  to  one  fleet  of  vehicles,  while  vehl- 
cles  In  the  other  fleet  assume  responsibility  to  avoid  collisions  at  the  intersection.  Vehicles  charged 
win.  the  rtspd.aii.  illty  to  weld  Cuiiiat jiH>  « an  Ikkiski!®  start  cl  t-arte  &*  lvitouseu  . f thte  pr^venee 
or  anticipated  presence  at  the  Intersection.  This  process  Involves  some  form  of  guidance  signal  transmission. 
Simple  examples  of  conventional  guidance  signals  at  railroad  crossings  are  flashing  lights  and  barriers. 

Vltual  reception  of  these  guidance  signals  alerts  the  motor  vehicle  driver  to  bring  his  vehicle  to  a stop 
-.till  tne  flashing  lignts  are  extinguished  and  the  barrier  raised.  Accidents  at  grade  crossings  persist, 
since  all  grade  crossings  are  not  equipped  with  these  visual  guidance  signals,  as  a consequence  of  the 
mathematics  of  capital  expenditure  requirements  and  maintenance  costs. 

In  the  grade  crossing  application  of  a guidance  system,  the  motor  vehicle  receives  a guidance  signal 
from  a transmitter  located  at  the  grade  crossing,  which,  when  appropriately  coupled  to  the  vehicle's  speed 
control  and' braking  system,  automatically  brings  the  motor  vehicle  to  a safe  stop,  prior  to  the  intersection. 
The  stop  control  signal  Is  deactivated  after  the  train  passes  the  Intersection.  Further  discussion  of  the 
concept  and  the  anticipated  performance  follows  the  Initial  discussion  of  requirements. 

Requirements  and  Assumptions 

Reduction  of  collisions  and  safeguarding  of  personnel  and  property  at  railroad  grade  crossings  has 
been  the  subject  of  several  investigations.  A fundamental  requirement  Is  some  means  of  communicating  with 
motor  vehicles  as  they  approach  a grade  crossing.  The  conventional  method  of  flashing  lights,  barriers, 
etc.  provides  a fora  of  visual  coneunicatlon  which,  though  effective,  would  require  a substantial  Invest- 
ment In  Installation,  maintenance  and  operation,  If  introduced  at  all  grade  crossings.  Some  form  of  radio 
coasHinlcatlon  with  sntor  vehicles  when  approaching  a grade  crossing  would  appear  to  be  more  reliable  and 
cost  effective.  Communication  directly  with  the  operator  of  a motor  vehicle  Introduces  consideration  of 
human  factors,  particularly  operator  reaction  to  the  form  of  the  alert  signal.  A reasonable  alternative 
Is  direct  radio  communication  with  the  speed  control  and  braking  mechanism  of  the  motor  vehicle.  The 
efficacy  of  this  form  of  solution  would,  of  course,  require  thit  all  vehicles  be  equipped  with  the  radio 
control  system.  This  would  require  a gradual  transition  over  a period  of  several  years.  A logical 
starting  point  would  be  introduction  of  these  systems  In  fleet  vehicles,  such  as  school  buses,  public 
buses,  trucks  and  ultimately  autosnblles . 

Configuration 

Each  motor  vehicle  In  a designated  fleet  would  be  equipped  with  a receiver,  similar  to  the  three 
element  receiving  bar  shown  in  Figure  8.  A transmitter  would  be  located  at  each  grade  crossing,  as  shown 
In  Figure  11.  Each  transmitter  would  include  a discrete  address  subsystem.  Each  train  would  also  be 
equipped  with  a discrete  address  terminal  manually  programmed  In  the  sequence  of  the  address  codes,  corres- 
ponding to  the  grade  crossings  In  their  order  of  occurrence.  The  beacon  address  would  be  transsdtted  from 
the  train,  prior  to  reaching  an  Intersection.  Fleet  vehicles  equipped  with  the  receivers  would  immediately 
derive  a range  and  range  rate  measurement  relative  to  the  Intersection.  These  parameter  values  would  be 
Introduced  Into  the  speed  control  and  braking  system  in  a manner  that  would  gradually  bring  the  vehicle 
to  a full  stop  at  a pre-programmed  distance  from  the  Intersection. 

The  intersection  beacon  would  be  turned  off  by  a signal  transmitted  from  tbs  train  after  passing 
the  Intersection. 

Performance 

The  range  resolution  would  be  26  feet  at  500  feet,  7 feet  at  250  fast  and  1 foot  at  100  feet.  The 
data  rate  would  be  20Hs.  Velocity  and  deceleration  parameters  could  be  obtained  directly  from  the  vehicle 
speedometer,  or  by  the  first  time  derivative  of  the  remaining  distance  to  the  Intersection. 


Collision  Avoidance 


As  Indicated  in  the  prior  section,  collision  avoldenee  modes  of  sppllcatlon,  within  the  context  of 
this  report,  refer  to  methods  for  preventing  collisions  between  vehicles  in  a common  fleet.  Rear-end 
collisions  are  among  the  most  frequent  type.  Approximately  one-third  of  all  collisions  sre  rear-end 
collisions,  resulting  In  a "societal  cost"  estimated  to  be  measured  In  billions  of  dollars  annually. 

Two  specific  applications  of  a distance  measurement  capability  to  rear-end  collision  avoidance  of 
vehicles  In  a common  fleet  have  been  Identified.  These  Include  Personal  Rapid  Transit  and  rail  type 
vehicles,  as  well  as  automobiles. 

It  is  apparent  that  an  effective  rear-end  collision  avoidance  system  for  sutomobiles  requires  that 
all  vehicles  be  equipped  with  s cooperative  control  system.  This  capability  could  be  gradually  Introduced 
Into  the  fleet  via  new  vehicles  and  the  system  become  effective  over  a period  of  several  years.  Candidates 
for  early  Introduction  without  awaiting  Infusion  through  new  fleet  stock  would  be  school  buses  and  trucks. 

Requirement  and  Assumptions 

lbs  parameters  which  enter  Into  msintalnlng  s safe  distance  between  vehicles  are  the  relative 
distance,  the  closing  rate  (relative  velocity)  and  the  ground  velocity  of  the  vehicle  to  be  controlled. 

The  vehicle  Installed  speedometer,  of  course,  provides  a continuous  measure  of  ground  speed.  What  Is  needed 
Is  a device  for  measuring  the  distance  and  relative  velocity  between  vehicles. 


A devite  which  pf-vide*  i precise  range  iitawi riat^t  Eipatlt.lt:  j at  a hip  flftfcf  eat*  4*  d*  wm1  J Ltl 
requirement,  since  relative  velocity  can  be  obtained  directly  aa  a first  tine  derivative  of  the  measured 
distance  between  vehicles. 

System  Configuration 

A field  test  configuration  of  a collision  avoidance  system  is  "hewn  in  Figure  12,  The  transmitter 
with  a single  radiating  element  is  top-nounted  on  one  automobile  and  the  receiver  with  a three-element 
antenna  is  top-mounted  on  a second  vehicle.  In  this  test  configuration,  the  automobile  equipped  with  the 
tranarltter  is  the  "lead"  vehicle  and  that  equipped  with  the  receiver  is  the  "following"  vehicle,  The 
SMSafiHlil  tdT  ralatths  tanga  and  Jungs  tala  beiimaih  smUi'LeJ!  Is  discl*ged  *n  the  vehicle  e*rutj-ped  with 
the  receiver. 

Performance 

In  the  proposed  configuration,  shown  in  Figure  8,  the  receiver  "bar"  would  be  a nominal  2 meters 
in  length  to  provide  a sector  angle  coverage  of  *22.5*  in  the  forward  direction.  At  a range  of  300  meters 
(1,000  feet)  the  range  resolution  is  9.S  meters  (31  feet).  The  data  rate  is  20Hz, 

The  range  resolution  Improves  as  the  square  in  reduction  of  relative  distance  between  the  vehicles 
l.e.,  at  a distance  of  100  meters  (300  feet),  the  range  resolution  is  1.06  meters  (3,5  feet), 

Comment 

Collision  avoidance  effectiveness  of  any  radio  technique  of  this  type  is  of  course  dependent  of 
equipping  all  automobiles  with  the  necessary  transmitters  and  receivers.  It  is  not  likely  that  this  will 
occur  in  the  near  future;  however,  it  is  appropriate  to  Investigate  the  problems  and  their  technology  now 
as  an  eld  to  future  decisions. 

Spacing  Control  - Personal  Rapid  Transit  and  Rail 

Requirement  and  Assumptions 

Future  high  performance  personalized  rapid  transit  (HPPRT)  systems  are  predicated  on  the  assumption 
thet  individual  vehicles  will  carry  four  (4)  to  six  (6)  passengers.  This  allows  the  vehicles  to  be  small 
in  size  and  weight,  leedlng  to  a concomitant  small  size  and  weight  for  the  supporting  guideway  (an  Important 
cost  consideration). 

To  meet  high  cepedty  requirements  with  e lerge  number  of  low  capacity  vehicles,  it  is  necessary 
that  the  vahlcles  move  at  nominal  speeds  of  20  to  40  mph  between  terminals  at  fraction  of  a second  "head- 
ways". A one-helf  second  heedway  et  a speed  of  20  mph  is  approximately  15  feet,  and  30  feet  at  40  mph. 

Though  these  "tailgating"  distances  and  speeds  can  be  accommodeted  by  an  automobile  driver,  the  objective 
for  an  HPPRT  system  is  to  control  the  separation  distance  automatically,  without  operator  assistance, 

This  requirement  is  markedly  slmller  to  the  relative  range  and  range  rate  requirements  associated 
with  automobile  reer-end  collision  evoldence. 

System  Conflguretlon 

A single  tr*  .ismittlng  antenna  element  would  be  top-mounted  et  the  reer  of  each  vehicle,  and  a 
three-element  receiving  "ber"  would  be  top-mounted  et  the  front  of  each  vehicle,  as  shown  in  Figure  13, 

The  signal  received  et  eech  vehicle  would  be  Introduced  in  the  speed  control  loop  for  that  vehicle. 

Performance 


For  a receiving  "bar"  tv  -asters  in  length,  the  range  resolution  at  a separation  distance  of  15  feet 
0*  second  headwey  at  20  mph)  wou  J be  0.25  inch.  The  dete  rate  would  be  100Hz.  At  e vehicle  specing  of 
30  feet,  the  reletlve  renge  resolution  would  be  slightly  less  than  one  inch  at  e data  rate  of  100Hz. 

Intermediate  Frequency  Interferometry 

The  recently  discovered  principles  of  Intermedleta  Frequency  Interferometry  eliminate  many  of  the 
restrelnts  aasocleted  with  conventional  interferometry  and  ellow  opportunity  to  epply  the  Inherent  pre- 
cis-on pointing  end  renging  capabilities  of  interferometry  to  a broed  verlety  of  navigation  problems. 

There  ere  no  specie!  components  required  for  en  IFI  nevlgation  sensor.  In  feet,  component  requirements 
ar®  well  within  the  demonstreted  cepebilitlts  of  present  technology,  et  the  level  of  commercially  avail- 
able units. 

An  engineering  design  study  of  the  sppllceblllty  of  IFI  techniques  to  the  navigetion  requirements 
of  trsnsportetlon  systems  reveels  the  competitive  nature  of  this  technique  when  essessed  with  conventlonel 
techniques  in  erees  of  appllcetion  requiring  precision  pointing  and  ranging  over  large  azimuth  angles  at 
teletlvely  short  ranges. 

Intermediate  frequency  intarferomc try  techniques  differ  from  carrier  frequency  interferometric 
techniques  in  the  method  of  transmitting  phese  related  frequencies  (sidebend  and  cerrier)  from  radiating 
elements  loceted  at  elthtr  end  of  e common  besallne.  In  cerrier  frequency  interferometry,  one  antenna 
redletes  e carrier  signal,  while  the  other  radletes  e sidebend  signal.  In  intermediate  frequency  inter- 
ferometry, each  antenna  simultaneously  transmits  both  e carrier  and  e sidebend  signel.  The  carrier 
frequencies  ere  displaced  to  ellow  separata  identification  of  the  signals  transmitted  by  each  entenne. 

The  modulation  frequency,  or  difference  frequency  between  the  sidebend  and  the  cerrier,  howaver,  is  the 
same  for  eech  carrier  and  its  corresponding  sidebend  signal. 


In  Che  simplest  configuration,  transmitting  antenna  A and  B are  located  at  either  end  of  a baseline. 
The  nominal  spacing  between  the  antennas  is  one  wavelength  at  the  modulation  frequency.  At  the  receiver, 
the  carrier  and  sideband  signals  transmitted  by  antenna  A are  heterodyned  and  filtered  to  derive  the 
oqMUUmi  IteqMtiq  k « UtfiM  fcanm*,  Me  >«nier  ad  suWbaM  -.1  grxile  nxiMnist  bq  antnht  ( «tt 
heterodyned  at  the  receiver  to  derive  the  modulation  frequency.  Though  these  two  modulation  frequencies 
derived  by  the  heterodyning  of  their  corresponding  sideband  and  carrier  signals  are  at  the  same  frequency, 
their  phase  difference  is  directly  related  to  the  path  length  difference  between  the  receiver  and  the 
antennas  A and  B located  at  either  end  of  the  transmitting  baseline.  By  the  method  of  transmission  and 
signal  processi'.ig,  however,  the  path  length  difference  is  measured  in  fractional  wavelengths  at  the 
modulation  frequency,  rather  than  at  the  carrier  frequency  as  in  carrier  frequency  interferometry.  As  a 
result,  the  transmitting  antennas  can  be  configured  as  completely  separate  apertures,  physically  located 
at  erUtet  end  ol  the  baseline,  a significantly  less  complex  configuration  than  required  by  carrier  fre- 
quency interferometry  methods,  wherein  the  total  extent  of  the  baseline  ia  frequently  occupied  by  a 
reflecting  surface  illuminated  by  a complex  multi-element  feed  structure. 

A functional  block  diagram  of  a simple  two  element  intermediate  frequency  interferometric  transmitter 
is  shown  in  Figure  14.  The  signal  outputs  of  carrier  frequency  generators  fc^,  and  fc2,  are  not  necessari- 
ly phase  related.  Their  frequency  separation  is  determined  by  the  ease  with  which  they  can  be  separately 
filtered  and  identified  at  the  receiver.  Each  carrier  frequency  is  modulated  by  a signal  derived  from  a 
common  modulation  frequency  generator  operating  at  a frequency  fn.  The  output  of  each  modulator  is  fil- 
tered to  derive  the  original  carrier  frequency  and  one  sideband. 


For  the  purpose  of  the  discussion  which  follows,  assume  that  the  upper  sideband  has  been  selected 
in  each  case.  The  signal  transmitted  from  antenna  A will  consist  of  carrier  fcl  and  upper  sideband 
fcl  + fm.  The  signal  transmitted  from  antenna  B is  carrier  frequency  fc2  and  upper  sideband  frequency 
^c2  ^m' 

ror  the  purposes  of  explanation  and  with  reference  again  to  Figure  13,  we  will  assume  that  the 
geometric  relationship  between  the  receiver  location  and  the  transmitting  baseline  is  such  that  the 
distance  from  antenna  A to  the  receiver  is  R,  and  from  antenna  B to  the  receiver  is  R + l.  On  arrival 
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Similarly,  the  sideband  signal  S2  transmitted  from  antenna  B will  have  the  following  frequency  and 
phase  relationship  on  arrival  at  the  receiver: 
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where: 


w - 2nf 

c2  c2 


X - wavelength  of  sideband,  f + f 
s2  c2  m 


and  the  carrier  signal  C2  the  following  frequency  and  phase  relationships: 
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where: 


X - wavelength  of  carrier,  f 
c2  c2 
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The  carrier  and  sideband  signals  transmitted  by  each  antenna  are  separately  heterodyned  at  the 
receiver  to  extract  their  difference  or  modulation  frequency  in  each  case. 


The  heterodyning  of  sideband  with  carrier  produces  a modulation  frequency  and  phase  relationship  Mj 
in  the  form: 
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In  a similar  manner  the  output  frequency  and  phase  relationship  obtained  by  heterodyning  sideband  S2  with 
its  carrier  C2  provides  an  output  modulation  frequency  and  phase  relationship,  M2  in  the  form: 
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Since  the  modulation  frequency  or  difference  frequency  between  each  carrier  and  its  corresponding 
sideband  is  the  same,  and  bears  the  same  phase  relationship  to  its  carrier  at  time  of  transmission: 


where : 
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X^  - wavelength  of  the  modulation  frequency  (fm). 

Introducing  equation  7 in  equations  5 and  6,  it  is  apparent  that  the  phase  difference  41  between 
the  modulation  frequency  M^  and  the  modulation  frequency  M2  is: 
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Since  the  bearing  angle  8 of  the  receiver  relative  to  the  normal  to  the  transmitting  baseline  is 
given  by: 
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where : 

d is  the  baseline  length,  then 
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The  important  feature  to  note  is  the  marked  similarity  in  the  form  of  equations  6 and  7 
in  connection  with  the  discussions  of  carrier  frequency  interferometry  and  equations  8,  9,  and  10,  res- 
pectively, as  developed  above  in  connection  with  intermediate  frequency  interferometry.  In  both  cases,  the 
path  length  difference  i between  either  end  of  the  transmitting  baseline  and  the  receiver  is  obtained  by 
a phase  measurement  which  involves  a determination  of  the  path  length  difference  l in  wavelengths.  In  the 
case  of  carrier  frequency  interferometry  Jt  is  measured  in  fractional  wavelengths  at  the  carrier  frequency. 
However,  in  intermediate  frequency  interferometry,  the  same  path  length  difference  !■  is  measured  in 
fractional  wavelengths  at  the  modulation  frequency.  Consequently,  through  the  use  of  intermediate  fre- 
quency interferometric  techniques,  measurement  of  the  bearing  angle  is  Independent  of  the  carrier  fre- 
quency of  operation  and  depends  only  on  the  modulation  frequency.  This  eases  many  of  the  design  restraints 
experienced  by  methods  based  on  carrier  frequency  interferometry. 


It  is  of  further  interest  to  note  the  use  of  intermediate  frequency  interferometric  principles  in 
applications  wherein  the  bearing  angle  of  a transmitting  point  source  is  measured  by  a two-element  re- 
ceiving array.  Though  this  application  can  be  accommodated  by  carrier  frequency  interferometric  techniques 
as  a consequence  of  the  spatial  separation  of  the  transmitted  signal  at  the  receiving  site,  carrier  frequency 
interferometric  techniques  suffer  the  same  receiving  element  spacing  and  angular  ambiguity  restraints 
experienced  in  the  mode  in  which  the  paired  antennas  radiate  signals  to  a remote  receiver.  Methods  for 
overcoming  these  restraints  in  order  to  provide  improved  angle  sector  coverage  have  the  disadvantage  that 
the  antenna  systems  employed  are  complex  and  generally  require  critical  proportioning  of  circuit  constants 
be  established  and  maintained  between  the  elements  of  the  receiving  aperture  if  satisfactory  operation  is 
to  be  realized. 


The  application  of  intermediate  frequency  interferometric  principles  to  this  receiving  mode  differs 
from  carrier  frequency  interferometric  techniques  in  the  method  of  signal  transmission.  In  carrier  fre- 
quency interferometry  the  transmitting  antenna  radiates  a single  carrier  frequency.  In  intermediate 
frequency  interferometry  t.»  transmitting  antenna  simultaneously  radiates  both  a carrier  and  a sideband 
signal.  The  receiving  system  in  1 ts  simplest  configuration  for  a single  Engle  coordinate  consirts  of  two 
receiving  antennas,  A and  B,  located  at  either  end  of  a common  baseline.  Typical  baseline  separation 
distances  are  of  the  order  of  one  vave’ength  at  the  modulation  frequency. 

The  transmitter  simultaneously  radiates  a carrier  frequency  fc  and  a phase  related  sideband  fre- 
quency fc  and  fm.  The  paths  over  which  the  carrier  and  sideband  signals  travel  to  antennas  A and  B are 
determined  by  the  angle  9 of  the  transmitter  relative  to  the  normal  to  the  baseline  of  the  receiving 
antennas  A and  B.  If  we  assume  that  the  transmitted  signal  travels  over  distance  R from  the  transmitting 
antenna  to  receiving  antenna  A,  and  over  distance  R+  to  receiving  antenna  B,  then  on  arrival  at  receiving 
antenna  A,  the  carrier  signal  CA  will  have  the  frequency  and  phase  relationship: 
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fc  = carrier  frequency 


X^  = carrier  wavelength 


The  sideband  signal  on  arrival  at  antenna  A will  have  the  form: 


(u  + 01  )t  + 


u = 2nf 

m m 

fm  = modulation  frequency 
Xg  - sideband  wavelength 

In  a similar  manner  the  transmitted  carrier  and  sideband  signals  on  arrival  at  antenna  B will  have  the 
frequency  and  phase  relationships  shown  in  equations  13  and  14  respectively. 
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The  carrier  and  sideband  signals  received  by  each  antenna,  A and  B,  are  separately  heterodyned  to 
extract  their  difference  frequency.  This  difference  frequency  is  of  course  the  modulation  frequency. 
Heterodyning  of  the  carrier  and  sideband  signals  received  at  antenna  A produces  a modulation  frequency 
with  a frequency  and  phase  relationship  given  by: 


Mt  = cos  oi  t + 2 HR  (1  - 1 i 

A m hr  — 

\ 8 ch 


In  a similar  manner  the  heterodyning  of  the  carrier  and  sideband  signals  C„  and  Sfi  received  at  antenna  B 
provide  a difference  frequency  or  modulation  frequency  component  with  the  frequency  and  phase  relationship: 


1 \ I 

M - cos  oi  t t 2 HR  i 1 - 1 i + 2IU  1 


It  is  important  to  recall  at  this  point  the  wavelength  relationship: 

1-1-1  (17) 


X - modulation  frequency  wavelength 
m 

Introducing  this  relationship  in  equations  15  and  16  it  is  apparent  that  the  phase  difffixei.ee 
between  the  modulation  frequency  MA  and  the  modulation  frequency  Mg  is: 


$ - 2JU  (18) 

X 

m 

If  the  separation  distance  between  the  two  antennas  A and  B is  d,  then  the  bearing  angle  i:  the 
transmitter  relative  to  the  normal  to  the  baseline  between  the  two  antennas  A and  B is  given  by: 

0 - sin_1r  tl  (19) 
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and  hence: 


If  carrier  frequency  interferometric  methods  were  used,  a single  carrier  frequency  would  be  transmitted 
to  receiving  antennas  A and  B,  and  in  this  case  the  angle  8 would  be  given  by: 


X£  « carrier  frequency  wavelength 

since  the  phase  difference  measurement  corresponding  to  the  path  length  difference  l would  be  mad.:  at  the 
carrier  frequency. 
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TABLE  II.  CHARACTERISTICS  OF  ELECTRONIC  POSITIONING  SYSTEMS 


Error  (Subtle  & not  (If  careful)  generally!  (Unless  (Unless 

easily  forecast)  | predictable  obvious)  obvious) 

| | to  10%)  | 


TABLE  III.  FREQUENCY  SPECTRUM  OF  RADIO  NAVIGATION  AIDS 


Radio  Navigation  Aid 
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10-14  KHz 
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TABLE  IV.  SUMMARY  OV  NAVIGATION  REQUIREMENTS  BY  OPERATIONAL  AREA 


Navigation 

Area 

Requirement 

System 

Propagation  Anomallea 

Air  Operationa 

Oceanic 

Surveillance 

Satellite 

Scintillation  and  Fading 

Navigation 

VHP  Communica- 

Scintillation  and  Fading 

tion 

LORAN- Inertial 

Scintillation  & Fading,  Sky  Wave 

Nav. 

Clutter 

Domestic  En route 

Surveillance 

Radar,  Conaunl 

a- 

and  Terminal 

Navigation 

tions 

V0R-DME 

Clutter,  Multipath 

Approach  and 

Survei llance 

Radar 

Multipath 

Landing 

Navigation 

V0R-DME 

Guidance 

ILS -MLS 

Multipath 

Marine  Operationa 

Open  Sea 

Navigation 

Loran 

Coaatal  and 

Confluence 

Zcne 

Navigation 

Loran 

Inland  and 
Reavricted 

Navigation 

Loran 

Sky  Wave 

Waters 

Multipath 

Land  Operationa 

Automatic 

Navigation 

Lcran 

Blockage 

Vehicle 

Monitoring 

Position  Location 

Line  of  Sight 
Transmiaaion  by 
Radio 

Diapatch 

Communication® 

VHF  Conmunlcati 

3ns  RFI 
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TABLE  V.  VEHICLE  REQUIREMENTS  FOR  AIR  TRANSPORT  SYSTEMS 


I* 

Vehicle  Requirements 

System  Requirements 

' + 

Determination  of  flight  direction 

Improve  efficiency  of  Air  Traffic  Control  System 

* ■ 

Determination  of  flight  velocity 

Accommodate  future  growth 

i 

Determination  of  altitude 

Provide  reliable  and  economic  operation  by  the  user 

1 

Determination  of  present  geographic  referenced 
position 

Complete  volumetric  coverage 

ft- 

Sjf, 

Landing  manoeuvres  under  poor  visual  conditions 

Transmissions  should  be  100%  reliable  and  available 

Avoid  collision  in  air  or  ground  mode 

Transmissions  should  be  free  from  ambiguities 

Transmissions  and  systems  should  provide  maximum 
protection  from  blunders 

System  should  be  accessible  to  all  users 

System  should  be  compstible  with  all  other  systems  in  use 

System  should  be  99.9%  accurate  in  its  operational  areas 

I f/ 
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TABLE  VI.  VEHICLE  REQUIREMENTS  FOR  MARINE  TRANSPORT  SYSTEMS 


Vehicle  Requirements 

System  Requirements 

Determination  of  vessel  direction 

Precise  position  fixing  plus  procedure  and  knowledge 

Determinstion  of  vessel  velocity 

Augmentation  of  visual  aids 

Determination  of  vessel  position 

Proximity  warning  about  hazards  or  vessels 

Determination  of  distance  to  go 

Addition  of  communication  with  navigation 

All  weather  position  fixing 

Continuously  available  and  highly  reliable  complete 
coverage 

Reduction  of  vessel  collision  during  transit  or  docking 

Accuracy  comparable  to  visual  navigation  aids 

FIGURE  1.  GEOMETRY  OF  IN  BEAM  AND  SPECULAR  MULTIPATH 


FIGURE  2.  GEOMETRY  OF  DIFFUSE  MULTIPATH  AND  RADIATION  BLOCKAGE 


FIGURE  3.  ERROR  PARALLELOGRAM 


Position 


INTEGRATED  VESSEL  TRAFFIC  SURVEILLANCE  SYSTEM 


FIGURE  5.  FUNCTIONAL  BLOCK  DIAGRAM  OF  A DISCRETE  ADDRESS  SURVEILLANCE  SYSTEM 


FIGURE  6.  GEOMETRY  OF  A HARBOR  SURVEILLANCE  SYSTEM 


FIGURE  7.  GEOMETRY  OF  AN  AIRPORT  GROUND  TRAFFIC  SURVEILLANCE  SYSTEM 


FIGURE  8.  AUTOMOBILE  RECEIVER 
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DISCUSSION 


M.Goutelard 

Les  syst£mes  que  vous  mentionnez  concemant  la  protection  des  passages  a niveau  et  des  Trains  en  gindral  dans  les 
systemes  de  traffic  & vitesse  elevee  fait  6tat  d’dmetteurs  plac6s  sur  un  v6hicule  et  de  rdcepteurs  placis  au  sol  ou  sur 
d’autres  v6hicules.  Cette  solution  n’a  pas  6t£  retenue  en  France.  Comment  palliez-vous  k une  panne  de  l’emetteur  et 

quvlles  5'Jllt  ivj  ^IvviUli  no  pi  lata  pviuT  v V it vi  Ivi  vufiiSuillS^ 

Author  i ftepiy 

The  system  proposed  for  the  protection  of  fleet  vehicles  like  transport  and  school  buses  has  not  been  tried.  It  is 
offered  as  a possible  solution  to  prevent  grade  crossing  collisions.  It  assumes  that  there  is  no  institutional  barrier  to 
controlling  the  speed  of  highway  vehicles  as  the  train  approaches  a crossing  - which  of  course  is  not  true.  In  the 
US  this  procedure  is  viewed  as  an  invasion  of  civil  rights  and  therefore  will  not  happen  for  a very  long  time.  In  the 
meantime  we  should  continue  to  explore  technological  approaches  in  order  to  assure  the  implementation  of  the 
most  cost  etiective  and  socially  desirable  system  possible.  Existing  systems  in  the  USA  still  use  gates,  Hashing  lights 
or  simple  signs  for  those  crossings  that  are  not  by-passed. 
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RESUME 


II  exists  ectuellement  an  aarvica  ou  an  projat  un  grand  norabra  da  eyetbmse  de  rediolocali- 
aation  a la  mar,  faieant  aouvant  double  amploi.  L'analyaa  dAtaillAe  daa  baaoina  fait  apporattre 
capandant  una  talla  diversitt  qu'una  solution  unique  de  compromia  eat  impoaaibla.  Si  on  pouvait 
ntgliger  la  factaur  coOt,  un  ayatbma  trba  sophistiquA,  tel  qua.  la  projat  NAVSTAR  emAriceln  aatia- 
fairait  aana  douta  la  plupert  daa  baaoina.  Si  on  prend  an  compte  la  factaur  coQt,  on  aboutit  b 
pluaiaura  families  da  aolutiona  da  compromia,  an  fonction  da  la  portta  at  da  la  precision  raquiaaa, 
Avidsmmsnt  antagonlataa.  La  prteante  etude  aaaaia  de  dAfinir  caa  famillae,  at  da  montrar  qua  mime 
b l'inttrieur  da  chaouna  d’sllas,  la  poida  da  cartelna  baaoina  epAclfiquee,  at  laa  preoccupations 
nationelee,  randant  pau  probable  la  conception  d'un  ayatbma  unique.  Las  ayatbmaa  axiatanta  aont 
anauita  olsseAs  at  analysis  du  point  da  vua  da  laur  adaptation  aux  baaoina  raconnus,  pour  laa  dif- 
ftrontoe  categories  d'utiliaataura  civile  at  militeirae,  an  s'attachant  b soulignar  las  perfaction- 
namants  qui  aaraiant  aouhaitablaa  b court  terms. 


1.  INTRODUCTION 

C'aat  un  lieu  commun  d'obaarvar  qua,  dapuia  laur  apparition  il  y a quslqusa  dAcanniee,  las 
ayatbmaa  da  radionavigation  b 1’ usage  daa  nevirea  st/ou  daa  oAronafe,  at  plua  gtnArolomont  laa  ays* 
tbmes  da  radloloeallaation  b l'uaaga  da  vAhiculee  techniques  plua  specialists,  sa  aont  multipllta 
da  fagon  snarchiqua  at  largamant  radondanta.  3a  n'ai  pea  l'intantion  d'enelyeer  las  causae  da  catta 
proliferation,  dont  laa  principalaa  - Innovations  tachniquaa,  pertlculeriamaa  nationaux,  concurren- 
ce antra  firmaa,  ate,,,  - aont  d'aillaura  tvldentea,  3a  me  contanta  da  soulignar,  eprba  bian  d'eu- 
traa  autaura,  la  grave  inconvenient  qui  an  rtaulta  pour  l'utiliaataur,  perfoie  accult  b das  choix 
difficilss,  ou  b una  accumulation  da  material  coOteux,  at  las  difficultts  qui  rteultsnt  da  l’oncom- 
bramant  du  spectra  rediotlectrique,  Caa  dsrnibrae  dolvant  raster  toujours  prAeantea  b l'aaprit  ,b 
la  vailla  da  la  prochelne  conference  da  l'U.I,T,  prAvua  pour  1979. 

Baaucoup  da  css  ayatbmaa,  da  conception  dtjb  encianna,  ont  Ate  dAvsloppAa  at  mis  an  placs 
aana  qua  probablamant  una  analyse  trbe  eoignAe  our  le  plcn  technique  du  basoin  b aatiafsira  ait  AtA 
sffsctuAe,  lie  raprAaantalant  ca  qua  laa  laboratoires  at  l'induetria  da  l'Apoqua  pouvsiant  offrir  | 
laura  parformancaa,  quala  qua  aoiant  laa  critbraa  anviaagAa,  rsataisnt  trbs  loin  da  1'idAal,  at 
l'utiliaataur  ne  pouvaiant  qua  a'an  contantar,  L'eppelletion  encors  couranta,  char  laa  uasgara  me- 
ritimas,  d'"aidaa  rsdioAlactriquaa  b la  navigation",  plutfit  qua  da  "ayatbmaa  da  rsdionavigation", 
traduit  bian  ca  caractbra  da  methods  d'appoint,  at  non  da  proctdA  autonoma,  qui  laur  Atait  raconnu 
par  las  navigataura,  Laa  ayatbmaa  plua  recants  ont  ttt  gAnArelamant  dtvsloppAs  dans  la  but  axprba 
da  aatiafsira  certains  baaoina,  mala  aouvant  dtfini  Atroitamant  S couvarture  d'una  csrtains  rtgion, 
satisfaction  d'un  certain  type  da  navigation,  ou  d'una  oerteina  cattgoria  d'usagara,  ate...  Econo- 
miquamant,  pour  employer  la  langaga  daa  gaationnsiree  industrials,  laur  promotion  corraapondait 
aouvant  b l'occupstion  d'un  "ertneau",  parfoia  b l'eide  d'un  material  apAcifiquamsnt  congu  pour  un 
uaaga  different,  at  non  rAviaA  dana  aon  principe,  II  conviant  aujourd'hui  d'axsminar  ai  una  rtponaa 
eppropriAa  plua  globala,  voira  una  rtponaa  b l'anaambla  da  toua  laa  baaoina,  ns  asrsit  pea  poasibls 
our  una  baaa  plua  rotionnalla,  a vac  una  Aconomie  da  moyene,  ou  mlma  un  ayatbma  unique  da  compromia. 
Coat  la  quaation  b laqualla  Ja  vaia  aaaayar  de  rtpondra  dona  las  lignaa  qui  auivont,  an  prAciaont 
una  foie  pour  toutaa  qua  Ja  ma  placs  du  aaul  point  de  vua  da  l'uasgar  maritime,  b l'axcluaion  da 
toua  laa  outrao  utllioatoura  poaaiblaa  da  la  radiolocaliaation  (eArians  ou  terreetrea)  at  sane  ma 
diooimular  qua  ca  point  da  vua  rtduit  dana  una  certeina  assure  la  portta  de  maa  concluaiono. 


2.  mas.  assjaimm 

Pour  Avaluar  la  baaoin  an  tarmaa  do  parformancaa  daa  ayatbmaa  deetinAe  b la  eetifefrirs,  il 
faut  fairs  choix  d'un  certain  nombraa  do  critbraa.  S'il  a'agit  da  comparer  antra  aux  plueloura  aya- 
tbmaa, ou  da  fairs  una  onalyaa  partialis  osaaz  fine,  caa  critbraa,  qui  aont  an  trbe  grand  nombro, 
doivont  Itra  auignauoomant  dAtoillAa,  flats  au  niveau  global  ob  cotta  Atuda  as  place,  las  grandee 
aolutiona  na  pouvant  Itra  quo  da  compromia,  il  fmuc  su  contraire  raster  ess**  simple.  C'aat  pourquoi, 
dans  un  pramiar  tamps,  aprbe  una  analyse  aaaaz  detaiHAs,  Ja  m'afforcoral  da  dtfinir  un  choix  da 
critbraa  aimplaa  at  on  petit  nombro  qui  sera  utilise  dona  la  euite.  Ca  choix  n'sat  Avldemmont  poo 
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le  sr-ul  possible,  ni  peut-dtre  Is  msillsur,  male  il  fournit  une  bsss  de  compsrsison  commode  it  ma- 
nisble. 

L'enesmble  des  critAras  sers  divisd  en  trois  groupes  t 

- critAras  de  carsctAre  technique  et  opdrationnel  ; 

- critAras  de  caractAre  dconomlque  j 

- critAras  spdclfiques  du  beeoin  milltslre. 


2.1,  CrltAres  techniques  et  oodratlonnels 

2.1.1.  Couverture  du  avstAme 

C'est-A-dlrs  dtendus  de  Is  zone  gdographlque  dens  lequelle  Is  systAme  est  cspsbls  ds  fournir 

un  positionnement.  Cstte  notion  est  en  rdalitd  sssez  complexe  pour  dl verses  rsisons  t 

- la  uouverture  d'un  systAme  est  eouvsnt  fonotion  des  sutres  carectdristlques,  at  notamment,  pour 
les  systAmes  A base  terrestre,  de  la  precision  ds  positionnement,  soit  pour  des  raisons  radiodlec- 
triques,  soit  pour  des  raisons  gdomdtriques,  soit  normalsment  pour  une  combinslson  des  deux.  Cer- 
tains ayatAmea  admattant  un  fonctionnasant  an  mode  ddgradd  (LORAN  C sur  onde  de  ciel,  par  example), 
qui  permet  une  extension  notable  de  Is  couverture,  avec  une  prdclsion  dvidemment  beaucoup  plus 
fsible. 

- Is  couverture  d'un  systAme  peut  fitre  variable  dsns  le  temps,  comma  c'est  le  css  pour  bseucoup  da  sye- 
tfsmss  hyperboliques  A moysnne  portde  soumis  A l'effet  de  nuit  (perturbation  par  les  ondes  ionos- 
phdrlques). 

- snfin,  bien  entendu,  11  faut  distinguer  la  couverture  "potsntielle"  d'un  systAme  et  sa  couverture 
"rdelle"  telle  qu'elle  est  ddfinie,  5 une  dpoque  donnde,  par  las  Implantations  existantea.  Cn  pour- 
ralt  ddfinir  le  couverture  potsntielle  comma  la  rdgion  qui  serait  couvarta  par  l'enasmble  maximal 
(et  optimal)  ds  stations  qui  pourrait  tre  effectivemsnt  instslldes,  compte  tenu,  notamment,  des 
contraintss  d'encombrement  du  spectre. 


Nous  retlendrons,  pour  les  besoins  ds  cetto  dtude,  un  parsmAtre  eimpllfld  unique  de  couver- 
turs  (pour  lee  systAmsa  A couverture  non  mondiale).  II  ddcrirs  Is  zone  dans  lsquelle  Is  systAme  con- 
slddrd  sst  capable  de  fournir  en  tout  temps  un  positionnsment  de  precision  volsine  de  sa  "precision 
typlque  snnoncde"  telle  qu'elle  est  ddfinie  ci-apr6s.  ctant  donnd  que  le  besoln  maritime  est,  de  fs- 
con  trAa  gdndrale,  d'autant  plus  exigeant  qua  l'on  est  proche  des  cStes,  cette  zona  sers  ddfinie  par 
la  distance  entre  la  c8te  et  sa  limits  extdrisura  vers  le  large  t C'est  bien  1A  ce  qus  las  msrlns 
entendent  par  la  "portde"  d'un  systAme, 

2.1.2.  Precision  da  noeltlonnemant 

C'est  dgalemant  una  notion  complexe  i 

- pour  la  plupart  daa  ayetAmss,  alia  ast  variable  dans  l'espace,  comma  nous  l'avons  ddjA  notd.  Pour 
un  ayatAma  donnd,  elle  paut  s'dtablir  A pluaiaurs  nlvsaux,  s'il  sxiste  des  modes  ds  fonctionnement 
ddgradda,  ou  das  modas  d'utillsation  distincts  comma  pour  NAVSTAR.  Elle  neut  variar  ds.is  la  tsmps, 
par  sxempls  par  effat  ds  nuit  comma  pour  OFtEGA.  Ells  sst  enfin  fonction  d'sutras  caractdristlques 
du  systAme,  tells*  qua  ass  parformancas  dynamiqusa  ralativsment  & la  vitssea  du  vdhieula,  bien  qus 
cs  darnlar  aspect  soit  tout  A fait  sacondslrs  dans  la  cas  ds  la  navigation  maritime. 

- la  notion  de  precision  sst  complexe  en  elle-mdme,  du  fait  qu'elle  doit  ndcessairement  s'exprlmer 
en  termee  de  probabilitda,  Le  paramAtre  "dcart  circulaire  probable"  (ECF)  ou  toute  autre  enelogus, 
en  donne  uns  bonne  mseure  dana  le  cas  ou  la  loi  de  dispersion  das  dcarts  ne  a 'dcart*  pee  trop  gros- 
siAremsnt  <1u  modble  gausaisn,  et  c'est  de  cette  fagon  qua  la  precision  eat  courammant  ddfinie,  (nb- 
ssrvons  dfes  A prdaent  que  l'on  ne  serait  pas  dane  ca  cas  si  l'on  ddcldait  par  example  de  cnnaiddrar 
une  loi  de  probabilitd  globala,  tenant  compte  d'un  pourcsntage  d'arreur  sur  le  comets  de*  chanaux, 
dan*  un  systAme  comportant  une  amblgultd  t II  deviant  alors  impossible  de  caractdrieer  par  un  para- 
mAtre unlqua  tel  que  ECP  le  comportement  de  l'erreur.  Ce  point  ast  dvoqud  plus  loin), 

- il  convlent  dgalemsnt,  du  moina  dana  la  cas  dea  ayatAmea  prdtendant  A des  performances  dlevdas,  de 
distinguer  les  divereee  notions  recouvertee  par  le  mot  "prdclsion"  t prdclslon  relative  (repeatabi- 
lity) ou  fiddlitd,  caractdriaant  l'aptituda  du  syatAme  A donner  das  indications  ldentlques  dans  le 
temps  (male  dventuellement  blaiades)  en  une  position  donnde,  et  prdclsion  abaolue  (predictability). 
La  premiArm  est  fonction  de  la  prdclsion  instrumentals  (sensitivity)  ou  sensibilitd,  et  du  nlvaau 
d'erreura  aldatolres,  la  eeconda  inclut  dgalemsnt  les  erreurs  systdmatlques  de  toute  nature.  L'une 
et  1 'autre  sont  distinct**  (nai*  dvidemmant  lides)  de  la  prdcleion  diffdrentlella,  qui  caractdrise 
l'aptituda  du  ay:itAme  A posltionner  simultandment  deux  utiliaateura  l'un  per  rapport  A l'autra.  Cette 
derniAra  notion  n'eat  paa  indifferent*  at  peut  condulr*  A des  modes  d'exploitation  eyetdmatiques, 
comma  dan*  le  can  de  l'ONEGA  diffdrentlel. 

Pour  une  analyse  simple,  no:a  pouvons  nous  contentar  de  ddcrir*  la  prdcialon  d'un  eyatAme  par 
un  paramAtre  unique  caractdriaant  l'dcart  maximal  de  positionnement.  Ceci  suppose  que  nous  ne  tenons 
it  eompte  Me  eiiajie  gtMiltHt  ihMuaUm  L Lies  pw  example  it  lent  d'MtipiIU,  t'witii  pwi  IV 
convlent  de  cholair  un  dcart  maximal  corraapnndant  A un  heut  nlvaau  da  probabilitd,  typiquamant  95  f 
pour  laa  ayatAmaa  A faibla  prdcialon  at  98  i ou  plus  pour  laa  aystAmaa  A grand*  ou  trAs  grand*  prdcl- 
•i’.on,  Ota  valsura  infdrieuraa,  ai  alias  aont  algnlficatlvaa  pour  daa  techniclena  (at  corrsaoondant 
d'ailleurs  A un#  pirfelt*  connaiteance  de  la  repartition  des  Ccarta  ai  la  loi  de  probiOllit*  m ton- 
nue)  ne  la  sont  pas  oour  1'ueager  courant  qui  eatime  pouvolr  **  fler  da  faron  quasi  absolve  A la  prd- 
cision  indiqude.  Nous  ne  prdclaerone  oae  ai  :ette  prdclslon  eat  absolu*  ou  relative  i pour  dee  systA- 


mas  5 implantation  fixe,  ou  bian  an  af.at  la  positionnament  absolu  eat  da  pau  d'intdrtt,  l'easan- 
tlal  dtant  da  pouvoir  retrouver  una  position  ddjb  occupda  ou  una  route  ddjb  parcourua,  ou  bian  il 
peut  fitra  attaint  h partir  du  poaitionnament  relatif  par  un  jeu  da  corruptions  convinabla,  b con- 
dition qua  l'on  dispose  d'un  champ  da  points  d'dtalonnage  approprid.  Enfin,  pour  tanir  compta  da 
la  variability  dans  l'aspaca  at  dans  la  temps,  nous  conviendrons  qua  la  valeur  indiqude  correspond 
b xa  precision  moyanne  minimale  aaaurde  an  tout  temps  dans  la  zone  da  couvarture,  dans  das  condi- 
tlow  bmain  ^'uULiuH  .r,  i qUi  i-b  riilwy  -«a  •‘•M  Oe#  cchiHl  cue 

tuellament  rancontrdaa,  Comma  on  la  voit  la  parambtre  ainsi  ddfini  correspond  b la  prdcision  rdal- 
lamant  obtenue  avec  un  trbe  haut  niveau  de  fiabilitd.  Noua  l'appelarons  "prdcision  annoneda"  du  ays- 
tbme. 


2.1,3.  Contsnu  informationnel 


3e  regroups  sous  ce  titra  un  certain  nombre  de  caractdrlatiquas  aecondairaa  prdciaant  la  na- 
ture de  l’information  da  positionnsmant  fournie  par  un  syatbme.  II  s'agit  pour  I'eaaantlal  da  la  rd- 
ponse  h quatra  quaatione  : 

- La  syatbma  fournit-il  una  position  seula,  ou  comporta-t-il  una  information  compldmentaira,  notum- 
i9,.u  la  uxtasse  ausoxue  au  mooi^a  sur  xa  fono  i routn,\.-^l  una  position  a oaux  ou  iron  Dimensions 
(nour  memoirs,  puisqua  catta  information  eat  sana  intdrSt  pour  la  mvigateur  maritime,  bian  qu'alla 
soit  susceptible,  peut-dtra,  da  fournir  un  dldment  de  contrSla  de  la  qualitd  du  rdsultat)  ? 

- La  nSpuna*  tra  Hy-tjtfjr-e  est-tlxa  caTrtinae  ^rmanisirt  permamefit) . discuntlfWe  solvent  on  t /throe 

plus  ou  moina  lent  (positionnament  rdcurrent),  discontinue  aur  into. rogation  du  mobile  ? La  rdpon- 
ss  du  eytbne  Bst-el’B  an  temps  rdel  ou  an  tamps  diffdrd  ? 

- La  positionnament  ’ourni  comporta-t-il  una  ambigultd  ? Ce  point  eat  particulibrement  Important  pour 
deux  raisons  : la  plupart  das  systbmas  hyparboliquas  comportent  una  ambigultd  rdaiduelle  qui  ndees- 
sita,  pour  laur  miss  an  rauvra,  una  connaissanca  approchde  da  la  position  par  un  moyan  extdriaur  au 
syatbma,  avac  una  prdcision  qui  ast  parfola  assaz  grande.  D'autre  part  las  diapositifs  oa  "lavd 
d'ambiguttd"  propras  au  ayatbma,  lorsqu'ils  axiatant,  outra  qu'ila  laissant  aubsiater  l'ambiguttd 
rdsidualle  mantionnda  plus  haut,  sont  suscaptibles  d'introduira  una  arraur  de  una  ou  plusiaurs  uni- 
tes dans  l'idsntification  das  chanaux  das  divers  ordraa.  Noua  avona  ndgligd  catta  source  d'arreur 
dana  la  ddfiniticn  de  la  prdcision,  admattant  ainsi  qua  la  lavd  d'ambiguFtd  doit  fonctionnar  avac 
una  sdcuritd  de  100 

- L'information  fournia  par  la  ayatbma  ast-elle  ou  non  redondante  ? II  eat  Clair  qu'un  ayatbma  four- 
nissant  plus  de  daux  liaux  da  position  inddpendanta  procure  da  cs  fait  un  moyan  da  vdrificatlon  da 
la  position  obtanus  de  nature  a accrottre  considdrablement  la  fiabilitd  at  la  prdcision. 


0a  cas  quatra  critbrea,  ja  na  ratiandrai  qua  la  second,  qui  aat  important  du  fait  qua  certai- 
nes  eatdgorlaa  d'uaagars  ne  a'accomodant  paa  par  example  d'un  positionnament  rdcurrent.  La  caraetbre 
de  radondance,  au  niveau  da  notra  analyse,  n'a  pas  h Itra  axamind  b part,  mala  aeulamant  b intervenlr 
dans  la  note  da  fiabilitd  gdndrala  ddfinio  plus  loin.  II  eat  dvidant  anfin  qua  la  eystbme  iddal,  dans 
tous  las  cas,  ns  devrait  comportar  aucuna  ambiguftd  rdaidualla.  Cependant  un  certain  nivaa>>  I'ambi- 
guFtd  ast  la  plupart  du  tnmpa  tolerable  an  pratique,  an  fonctinn  notammant  da  la  prdcis'  <ndda  i 

par  example  un  ayatbma  concu  pour  poaitionnar  b 10  m prba  a'accomodara  normalament  r*  iPhorivC  'lent 

d'una  ambigultd  da  plusiaurs  milles,  lea  usagsrs  axigaant  un  tal  niveau  da  performai  davant  r>  '«od- 

dar  par  aillaurs  laa  moyena  da  aa  placer  aans  arraur  h catta  prdciaion.  Autramant  d;  ►,  ja  tonaid*  • 
qu’b  ct.aquo  catdgori#  da  baaoln  ddfini  an  prdcision  oat  esaocid  un  certain  nivaau  d-  mbiqufi*  j .«  i- 
bla  qu'll  aat  lnutlla  da  prdciaar  davantsga. 

2,1,4,  Particularltda  divaraas 

3a  claaaa  lcl  pour  mdmoira  un  cartaln  nombra  da  caractdrlatiquas  aecondairaa  ;nt  •*  quol- 
qusa  unsa  t 

- la  eyatbma  aat-il  pasaif  (l’lnstallstion  da  bord  na  comporta  qua  das  rdeepteure)  ou  actif  (la  mo- 
bile doit  dmettra)  ? 

- dans  la  caa  das  ayatbmas  actifa,  quel  eet  le  "niveau  de  saturebllltd"  du  ayatbma  (e'est-b-dire  com- 
blen  edmet-11  d’intarrogataurs  mobiles  en  fonctionnamant  simultend)  ? 

- quails  ast  la  nature  da  la  donnde  bruta  fournie  par  la  ayatbma  (ezimute,  distances,  tiiffdrencae  da 
distances,  etc,,,)  ? Quel  aat  la  niveau  de  traitemsnt  requia  (y  compris  las  cslculs  da  corractlon), 
du  moina  ai  ca  traitomant  n'aat  paa  ayatdmetiquement  intdgrd  eu  ayatbma,  pour  obtsnlr  une  donnde 
directamant  exploitable  par  l'ueager  ? 

- quellea  aont  lea  diversea  sarvitudse  d'exploitvtion  ? per  example  fscilitd  de  mlae  an  muvre  at 
flexibilitd  d’emploi  du  metdrial  de  bord,  at  la  caa  dchdant  du  matdrlel  das  etations  fixes  (pour 
las  oyatbmoa  "mobiles"  a usage  spdcialiad)  j robuataaee  gdndrala,  fscilitd  da  rdglsge,  d'antretlsn 
at  da  ddpannaga  (diaponibilitd  at  qualitd  du  service  eprba  vsnte  ou  du  eervlce  de  location-entre- 
tien),  etc... 

3s  ne  retiendrei  paa  la  ddtsll  de  caa  critbrea,  msis  aeulamant  le  dernier,  eoua  forms  d’una 
"note  da  qualitd"  globale  attrlbuda  au  ayatbma,  avec  trola  nivsaux  i 

- Cxcallante  • metdrial  sOr  at  trbs  robuats  devant  pouvoir  Itre  rdgld  at  utillsd  aans  prdcsutlon  par- 

ticulars par  du  paraonnal  sane  compdtence  epdclsle. 

- Qonna  t metdrial  da  bonne  robuataaaa,  dont  la  mies  an  muvre  psut  axlgsr  certslnes  prdeeu- 

tiona  at  1’entratian  la  concoura  de  paraonnal  compdtent, 

- Couranta  I metdrial  sOr  aoua  rdaerva  da  certains*  contraintae  d'envlronnement,  dont  la  miss  an 

muvre  correct*  at  l'entrstien  exigent  des  compdtencaa  perticullhrss. 


2.1.5.  Dleoonlbllltd  opdretlonnelle 


Lee  caractdristiquaa  rsgroupdaa  aoua  oa  titea  aont  d'uu*  iaportanea  capital*,  puiaqu'allaa 
dderivant  l'anvironnamant  da  aiaa  an  auvra  d'un  ayetbmn,  inddpandaaaant  da  aaa  quail td#  intrinebquea: 

- qual  aat  la  nivaau  da  fiabilitd  du  aignal  ragu  par  la  aobila,  at  notaaaant  ea  algnal  eet-il  eor- 
raotaaant  protdgd  an  tout  taapa  oontra  laa  bruita  etmoephdrlquee,  laa  fluotuationa  at  perturbe- 
tiona  ionoaphdriquaa  ou  tropoephdriquee,  contra  laa  inter fdrence*  duaa  b l'eneombraaent  du  apaetra 
radiodlaotriqua  ou  b aon  propra  fonetlonnaaant  (rdflexiona,  parooura  multiples,  ato)  ? Ca  critbra 
aat  dvidemmant  b examiner  an  liaiaon  avac  d'autraa  (aabigultd,  oeractbre  paraanant  ou  frdquenee 

da  rdcurranca.  radondanca  da  l'infonlation,  ato.).  Invereaaent,  dana  la  caa  daa  eyetbmee  mobile#, 
laa  parturbationa  oauadaa  par  la  eyatbme  na  riaquant-allaapaa  d'an  liaitar  1 ’utilisation  b oar- 
tainaa  pdriodaa  ou  b cartainaa  hauraa,  an  fonetion  da  la  rdglamentetion  ? 

- la  paraananoa  du  fonotionnaaant  aat-alla  convanablaaant  aaaurda,  eoapta  tanu,  lb  aneora,  daa  dvmn- 
tuallaa  radondanca*  ? Un  rdaaau  d'inforaatlon  eonoarnant  laa  dataa  d'intarruption  (pour  antratian) 
at  laa  dataa  da  raaiaa  an  aarvlea  (aprba  antratian  ou  incidant)  fonctionne-t-il  da  fegon  aatiafai- 
aanta  ? 

- la  Syetbma  a-t-il  un*  durda  da  via  garantia  raiaonnabla  ? La  ooapatibilltd  da*  aatdriala  ancian* 
aat-alla  aaaurda  an  caa  da  changament  aux  apdoiflcationa  ? 

Pour  loo  baaoina  da  notra  analyaa,  Jo  no  ratiandrei  pea  ca  trolalbaa  critbra,  non  parco  qu'il 
oat  eecondalre,  aoia  ou  eontroira  parca  qu'il  aat  capital.  Tout  eyatbme  qui  n'offrirait  paa  una  ga- 
rantia do  durda  auffiaanta  aoroit  impropre  b aatisfaira  un  beaoln,  qual  qu'il  aolt,  at  dauvroit  ttra 
rajatd.  Laa  autraa  critbraa  aont  raaaaablda  an  una  "nota  da  fiabilitd*  global* . b troia  nivaaux  > 

- Excallanta  s ayotbaa  offrant  un  trba  haut  niveau  oa  fiabilitd  on  toutaa  eiroonotoncoa. 

- Sonne  : eyatbme  nonaolaaant  trba  fieble,  aaia  aujat  b daa  ddfauta  paaaagara,  ou  b cartainaa 

contraintaa  dana  oartainaa  zone*. 

- Couranta  : ayatbaa  do  fiabilitd  porfoia  incartaina,  et/ou  aoumia  b doe  contraintaa  d'utlliaa- 

tion  bian  ddfiniaa. 


2.2.  Critbraa  dconoalauaa 

La  ooOt  d'un  ayatbaa,  du  point  da  vua  da  l'utiliaotaur , ravot  daux  aspects  : 

2.2.1.  CoOt  du  metdrlal 

II  a'ogit  lb  du  prlx  d'achat,  d'omortiaaansnt  at  d'antrstian  du  nstdrisl  do  bord  (at  da  la 
totalltd  du  motdrial  dona  la  caa  d'un  ayatbaa  mobile),  ou  du  coOt  da  as  location.  Un  alma  ayatbaa, 
a'il  sdaat  pluaiaura  modes  d 'exploitation  (normal,  ddgredd,  minimal)  paut  dvidomnsnt  ooaportar  piu- 
aleura  aatdriala  da  coOta  diffdranta. 

2.2.2.  Radavanca*  d 'utilisation 


lusqu'b  ca  Jour,  toua  laa  aystbmaa  an  exploitation  (autraa  qua  laa  systbmes  aobila*,  bian 
antondu)  aont  d'sccbs  libra  pour  l'ansambla  daa  utillaatsurs,  laa  fraia  d'instellstion  at  da  fonetion- 
namont  daa  Infrastructures  dtant  b la  charge  dee  gouvernamanta  ou  da  oartainaa  sutoritds  locales 
tallaa  qua  laa  porta.  II  n'eat  nuliamant  gsronti  qua  cette  situation  ea  perpdtusrs,  at  il  aat  mbme 
paut-ltr*  aouheitabla  aua  la  financamant  da  certains  aystbmaa  solt  aasurd,  b l'ovanir,  par  lea 
usagara  aux-mSmaa,  ou' molna  an  psrtia.  Cotta  contribution  prandrait  alors  la  forma  d'une  radavanca 
d 'utilisation  b ooqulttar  aoua  una  forme  ou  sous  una  autre  par  la  ddtentsur  d’un  dquipamont  da  bord. 

Noua  ratiendrons  un  critbra  unique  global  da  coOt,  intdgrsnt  laa  deux  compoeantaa  ci-deaaus, 
at  troduisant  la  coOt  total  du  poaitionnamant  au  niveau  da  l'utiliaotrur , tel  qu'il  appareltroit 
par  example  dans  la  compte  d'axploitation  d'un  navira  (at  compranant  done  la  prix  da  raviant  da 
toutaa  lac  Installations  annexe*  devunt  duentuallament  oompldter  la  metdrlcl  da  rodiolocsllaation 
proprament  dit).  Troia  nivaaux  saulemant  aont  ratsnua  pour  oatte  analyaa  t 

- noubrd  : CoOt  na  ddpassant  paa  da  fagon  sensible  celul  daa  eyat'mea  laa  molna  coOtaux  cctual- 

lemunt  exploitds. 

- floyen  : CoOt  psuvant  ddpaseer  aaeez  larramant  ce'ui  daa  ayatbmsa  actual  la*  moina  coOtaux. 

- Peu  Sensible  : CoOt  acceptable  ralativemant  dla vi  ou  trba  diavd. 


2.3.  Critbraa  aodclfieuae  mllitalraa 

En  plus  da  toua  laa  critbraa  prdeddammant  dnumdrda,  at  qui  cereetdrisent  dvidemmant  auaai 
bian  las  baaoina  daa  noviras  militairje  oua  esux  das  navirea  civila.  I'utiliaation  du  poaitionnamant 
reoiodlactrique  pour  las  opdraticnc  milltaires  aur  mar  irrpoae  un  certain  nombra  d 'diamante  da  choix 
euopldmentairoe.  Pour  un*  analyse  aommaira,  on  p-iut  la*  ro^anar  b troia  critbres  principaux  * 

2.3.1.  Dlroonlbl lltd  du  nvetbma  an  ca*  ds  contlit 

Ceci  rseouvra  la  garontic  da  fonctionnemant  da  1 'infrastructure  (protection  doa  stations 


contra  lea  coupe  da  l'annaiti)  at  la  rdeiatance  du  eyet&ma  au  broulllaga.  Un  dlGmsnt  intdraeeent  aat 
la  rdaietanca  au  broulllaga  "intalligant",  capabla  d'lntrodulra  dana  la  poeitionnement  fournl  un 
biala  non  ddcalable  par  l'utillaataur. 

2.3.2.  Olacrltlon  da  l'utlllaatlon 

Calla-cl  paut  itra  ndceeaaira  (ca  qul  axclut  alora  l'emploi  da  ayatAmaa  actlfa),  male  so 
n'aat  paa  la  caa  ayetAmatiquament  pour  toutaa  laa  utlllaatlona  ailltairaa. 

2.3.3.  Garantla  contra  l'utlllaatlon  oar  l'advarselre 


3.  REBARQUCS  GENERALES 

A l'aida  daa  critArae  simplifies  prdcddemmant  ddcrite,  at  da  l'lnformatlon  A la  disposition 
da  l'autaur,  11  aat  alora  poealbla  da  draaaar  la  tablaau  cl- Joint,  qui  ddcrit  A l'aida  da  caa  cri- 
tAraa  un  cartain  noabra  du  'baeoina-typaa  corraapondant  aux  diffdrentae  oetdgoriaa  d'utlllaataura. 
Avant  da  paeaar  A l'examan  da  ca  tablaau,  un  cartain  noabra  da  reaarquaa  aont  A faira. 

3.1.  Tout  d'abord,  laa  aourcaa  utlliadea  aont  aaaantiallaaant  frangaiaaa.  Au  dala  daa  anquttaa 
mantionndaa  an  rdfdrancse,  at  d'un  cartain  noabra  d'dtudea  partiallaa  non  citdee,  l'autaur  A utilise 
aa  propra  axpdrianca  at  laa  antratlana  qu'il  a au  au  coure  daa  anndea  rdcentae  avac  da  noabraux  ra- 
prdaantsnta  daa  divareae  categoric?  d'uaagara.  II  aat  iaprobabla  qua  daa  conclualona  eignificative- 
aant  diffdrantaa  aoiant  obtanuaa  A partlr  da  :<ouroee  provanant  d1  out  roe  paya  qua  la  franca.  L'ana- 
lyaa  daa  articlaa  da  ravua  at  da  cartalnaa  communications  ordaantdes  A daa  congrAa  da  navigation  na 
fait  an  tout  caa  apparaltra  aucuna  divarganca  notable. 

3.2.  Lae  valaura  chiffrdea  indiqudaa  dana  cartalnaa  colonnaa  du  tablaau  tiannant  perfole  coapte 
d'una  divarganoa  aaaaz  large  antra  laa  diffdrantaa  rdponsaa  obtanuaa  au  coura  daa  enquttee.  Cala 
tiant  parfoia  aux  diffdrenoae  intrineAquaa  antra  laa  baaoina  da  categories  d'uaagara  diffdrante  re- 
groupda  aur  una  alma  ligna,  c'aot-A-dlra  au  oaractAra  aaaaz  eynthdtlque  du  tablaau  s 11  n'dtait  paa 
quaationa  da  ddtalllar,  au  nivaau  da  oatta  dtude,  daa  categories  euaai  apdcielladee,  at  da  faibla 
effectif,  qua  laa  vadattaa  da  patrouilla  daa  Oouanee,  laa  naviraa  baliaaura  daa  Sarvicaa  Beritimee, 

laa  bateaux  da  eauvatege,  ate Bala  catte  incertitude  aat  dgalament  life  A la  formulation  mtme 

da  laur  baaoin  par  laa  diffdrante  uaagara  intarrogde.  qui  n'aat  paa  toujoura  auaal  claira  qu'il 
aerait  aouhaitable,  quellee  qua  aoiant  laa  prdcautiona  prieaa.  Par  axampla,  il  n'aat  paa  toujoura 
facile  da  aavoir  ai  la  prdcieion  da  poaitlonnamant  indiqude  corraapond  A la  prdciaion  iddala 
aouhaitda,  A la  prdciaion  conaiddrda,  au  moine  proviaoiraaant , coma  aatiafaiaanta,  ou  aaulaaant  A 
una  prdciaion  minlmale  raquiaa.  an  deaeoua  da  laqualla  un  eyetAme  da  poaitlonnamant  n'apportarait 
paa  d'eids  appreciable.  Saul,  bian  aouvant,  la  contact  direct  avac  lea  uaagara  parmat  d'obtanir, 
aur  ca  point  daa  rdponsaa  nattaa. 

3.1.  Un  autra  element  qui  paut  Itra  source  d'araDlguttd  tiant  a i'attltuda  daa  uaagara  vls-A-via 
da  laur  propra  baaoin.  On  paut  laa  claaaar  an  daux  proupaa  princlpaux  da  ca  point  da  vua  i d'una 
part  caux  qui,  par  vocation  at  par  habitude  intellectual  la,  ont  laa  moyana  at  la  volontd  da  aa 
livrar  A una  analyse  objective  da  laur  baaoin  at  aavant  la  ddfinlr  an  termaa  claira,  inddpandammant 
daa  ayatAmaa  axistanta  dont  11a  pauvant  avoir  l'expdrlance  ; d'autra  part  caux  qul  n'ont  pu  ou  au 
fairs  catta  analyse  at  aa  montrant  incapable  da  ddfinlr  laur  baaoin  ainon  an  aa  rdfArent  aux  per- 
formances daa  ayatAmaa  qu'ila  connaiaaant.  Si  l'on  intarroga  aana  precaution,  par  example,  una  popu- 
lation da  plchaura  habitude  A frequenter  una  zona  ob  daux  ayatAmaa  diffdrants  coaxiatant  an  concur- 
rence, il  y a daa  chances  qua  l'on  obtianna  una  definition  du  ayatAme  lddai  qui  aa  ramAne  A cltar, 
crltAre  par  crltAra,  laa  performances  du  maillsur  da  caa  daux  ayatAmaa  oonnua  daa  uaagara.  Caa  der- 
nlara,  an  outre,  ont  una  grande  difflcultd  A congevolr  an  termaa  da  probabilitda,  comma  il  convlant, 
la  notion  da  prdciaion.  Laa  valaura  qu'ila  indlquent  corraapondant,  dans  lour  esprit,  A l'arreur 
maximale  da  la  position  fournia  par.  la  eyetAme  avac  una  quaei-certituda.  Cast  la  raiaon  pour  la- 
quslle  J'ai  adoptd,  pour  la  definition  da  ca  crltAre,  una  indication  d'dcart  maximal  probable  cor- 
respondent A una  probabilitd  trAs  dlsvde.  Avao  una  definition  diffdrante,  laa  valaura  indiqudaa  par 
laa  uaagara  da  catta  catdgorie  n'auralant  paa  au  da  algnification. 

On  paut  considdrer  qua  la  pramiAra  catdgorie  d'uaagara  comprand  laa  "Technicians"  daa  opd- 
rationa  A la  mar  (naviraa  da  recherche,  da  prospectlon,  da  lavd,  cabliars,  gpanda  pdcha  "scienti- 
fiqua",  ate.)  at  las  militairas.  La  aaconda  catdgorie  comprand  la  plus  grands  partis  daa  navigataurs 
proprement  dits,  marina  du  commerce,  da  la  pficha  at  da  la  plaisanoa,  at  c'aat  bian  antandu  da 
beaucoup  la  plus  nombreuaa. 

3.4.  L'intarprdtatlon  du  tablaau  aat  Ja  panes  aaaaz  claira.  Laa  tralza  lignaa  horlzontelaa  dd- 
finisaent  autant  da  catdgoriaa  d'utlllaataura,  ou  plue  axactamant  d'utilisation,  du  poaitlonnamant 
radiodlactriqua,  corraapondant,  comma  Ja  l'al  ddJA  lndiqud  plua  haut,  A un  cartain  niveau  da  regrou- 
pamsnt,  pour  laa  plus  spdclallsdes.  Las  deux  pramiArea  colonnaa  donnant  la  valaur  das  paramhtrea 
da  couvartura  at  da  prdciaion  : il  a'agit  an  principa  daa  valours  optimalaa  Jugdas  souhaitablaa  par 
laa  utllisataura,  o’aat-A-dira  qua  pour  ohaqua  baaoin  una  amelioration  da  oes  performances  aat  Jugda 
aana  intdrdt  opdratlonnal  (meia  bian  antandu,  dana  bian  daa  caa,  dee  performances  moindraa  saraiant 
conaiddrdea  comma  ddJA  intdraaaantaa).  La  troiaiAms  colonna  indiqua  si  la  poaitlonnamant  doit  dtre 
continu,  ou  ai  un  poaitlonnamant  recurrent  aat  Jugd  suffisant.  Lea  daux  suivantea  donnant  pour  cha- 
cun  daa  daux  crltArea  da  qualitd  at  da  disponlbilitd  la  niveau  minimal  raquis  pour  qua  la  eyetAme 
conalddrd  aolt  considdrd  comma  satlafaiaant  (dtant  bian  antandu  qua  la  ayatAme  lddai  davrait  prasqua 
toujoura  Itra  notd  "excellent"  t).  Il  an  aat  da  mime  pour  la  alxiAme  oolonna,  Vindication  da  coOt 
donnda  corraapondant  A la  ddpansa  maximals  qua  l'utillaataur  aat  dispose  A aoneentir  pour  obtenlr 
laa  performancea  ddcrites  dana  las,  colonnaa  prdoddentee. 


3,5.  Una  conclusion  so  present*  dbs  la  premier  axeman  d'anaemble  da  co  tableau  t e'eet  l'extr&nt 
diversity  du  baaoln,  qual  qua  aolt  la  critbra  considerd,  mala  pertlcullbrsment  an  ca  qui  concerns 
couvartura  at  precision,  La  satisfaction  globalc  da  caa  beaolna  aur  la  baaa  d'un  syatbma  unique 
aonMHlt  s «n  a*  toMWyiM  qse  c*ttt  at  i all on  prrait  tien*  d ’■attaint  a.  it 

capandant,  & condition  da  laisssr  de  c8te  la  critbra  da  coOt  pour  na  consider*?  qua  las  critbres 
techniques  at  opdrationnBla,  il  ast  clair  qu'une  tails  solution  n'eet  psa  hors  da  portde.  La  aystbme 
uha  oas  forces  armaaa  arntrica-nae,  actuailamans  an  cours  oe  o6vexoppement  satisfait  an  prineips,  dano 
aa  version  "protegee"  da  grands  precision,  la  quaai-totalitd  das  baaoina  exprimes,  at  pour  bsaucoup 
d'sntrs  aux  blan  au-dslfe  du  minimum  ndcaaaaira.  I)  aatlafait  fgaleaent  laa  baaoina  ailitalrea,  puia- 
qw'ii  a 44#  «w»fw  mti*  h t*A.  Hue  *n  v**Uque,  11  i>'en  eat  p*b  <S»  mime.  In  af fat, 

d'une  part,  ai  la  syatbma  GPS  eat  finalemant  impldmantd,  la  version  de  grande  precision  ne  aara  pea 
diaponible  pour  laa  uaagars  civile.  O'eutre  part,  at  pour  eutant  qua  Je  sola  informe,  lea  conditions 
d'accbe  das  uaagars  civile  b la  version  "non  proteges"  da  moindra  precision,  na  sont  pas  ddfiniae 
b l'haura  actuelle.  II  n'aat  paa  certain  qua  cat  scobs  aoit  possible  b toue.  En  tout  dtat  da  causa 
xa  precision  annonces  (luu  m ) eat  insuf fisanta  pour  couvrir  certains  baaoina  partlcullare,  assay  spe- 
cialises il  sat  vrai.  Dale  surtout,  ai  l'on  prend  an  compta  la  critbre  dconomique,  il  semble  blan  qua 
l'on  doiva  aboutir  b das  materials  auf fiaammant  aophistiquda  pour  qua  laur  coOt  aoit  probibitif  aux 
yeux  de  cartainas  categories  d'usagars,  mlms  an  admattant  qua  l'accbo  au  GPS  na  comports  la  paiemant 
d'aucune  radsvanca.  Dans  ces  conditions,  il  fairt  constatar  qua  la  solution  unique  satiafaisant  an 
bloc  1 'ensemble  das  baaoina  n'aat  paa  anviaagaable  an  pratique  pour  l'avenir  prdvisibie. 

L'axaman  plus  ddtailld  du  tableau  permet  da  dbgager  trois  categories  da  baaoina, qui  corres- 
pondent s 

- b un  positionnement  da  faibla  precision  mala  da  trba  grands  couvartura  pour  lea  beaolna  da  la  navi- 
gation ocbanique  i typiquemsnt,  couvartura  mondiala  at  precision  de  1'ordra  da  3 mllles.  Capandant 
las  baaoina  actuals  ou  previaiblas  de  cartainas  categoriaa  d'utilisataura  specialises  sont  beau- 
coup  plus  axigaanta  aur  la  precision. 

- un  positionnement  da  bonna  precision  Juaqu'b  una  pertains  distance  dea  cQtaa,  pour  las  baaoina  da 
l'attarriasage  at  da  la  navigation  cfitibrs  couranta,  da  la  pftche.  at  das  activity*  d’axploitation 
du  plateau  continental.  Capandant  las  normse  de  precision  n6cessaires  sont  asaar  dlfferantas  d'una 
categorla  d'utillaataurs  b l'autra,  bian  qua  laa  plua  nombreuaea  solant  relatlvamant  pau  exlgeantes, 
at  la  portde  typiqua  demandde,  qul  varia  largemant  auivant  la  region  geographiqua  b couvrir,  aat 
mal  definia. 

- un  positionnamant  da  trba  bonne  precision,  pour  la  navigation  dans  laa  zones  difflclles  b forts  dan- 
site  da  trafic,  laa  zonae  dangarauaaa  pour  laa  navires  b grand  tlrant  d'aau,  at  la  chanalage  aux 
approchea  das  porta  importants.  Ce  baaoin  manifasta  una  tandanca  b croftro  an  importance  pour  daa 
raisons  an  partis  lidas  au  devaloppamant  dea  meaurea  da  reglamantstion  du  trafic. 


4.  CTUDE  DU  BESOIN 

Nous  sllons  examiner  da  plua  prbs  chacuna  de  caa  categoriao  d'utillsation,  en  fsnction  das 

classes  de  systbmes  aptaa  b laa  astisfairs. 


4.1,  Svatbmea  b couvert'ire  mondlala  ou  etandua 

Pour  la  plupart  das  usagsrs  pratlquant  la  navigation  ocdanlqua  courante,  la  baaoin  d'un  sys- 
tair.u  de  positionnamant  au  large  n'aat  pas  raaaenti  da  fagon  prasaente.  D'una  part  il  sat  vrai  qua  la 
conduits  du  navire  n'impoae  paa  una  grande  precision,  at  la  plupart  daa  commandants  s'accomodent  fort 
blan  daa  precedes  claaaiquaa  da  navigation,  b I'aatlms  raoaie*  par  obsarvationa  aetronomlques.  D'au- 
tra  part,  pour  daa  raisons  psychologlquaa,  on  observe  aouvent  una  certains  reticence  chea  1st  marina 
anvera  laa  aides  radlodlactriquas  utilises  dans  laa  zones  ob  ila  na  sont  paa  vraimant  lndispsnaablaa. 
Ils  y volant,  aemble-t-11,  una  menace  aur  la  libarte  treditionnelle  da  la  navigation  an  haute  mar,  at 
manifaatent  confuadmant  la  crainta  da  voir  un  Jour  la  trafic  maritime  aounla  b una  reglamsntation 
contralgnante  aur  la  modble  du  trafic  adrlan,  bian  qua  catta  hypothbsa  alt  blan  pau  da  chances  da  sa 
realiaar  dans  l'avenir  previsibla.  La  fait  qua  cs  baaoin  aoit  trba  faiblment  rassanti  axpliqus  la 
niveau  eiavd  das  exlgsneaa  fomuieas  par  laa  usagara.  Aucun  syatbma  na  sera  Jugd  satiafaisant  a 'IX  na 
combine  paa  una  dlaponibilite  dlavda  at  una  excallante  qualite,  tout  en  raatant  d'un  coOt  moddre, 

Daux  categories  da  systbmes  aont  b l'haura  actuells  auscsptiblas  da  aatiafalra  ca  baaoin,  las 
ayatbmaa  hyparboliquas  b trba  basae  frequence  (VLf)  du  type  OMEGA,  at  lea  aystbmea  b satellites  (NNSS, 
GPS  ou  tout  autra),  Laa  pramiars,  en  l'dtat  actual  da  la  technique  d'utillsation,  comportent  una  ambi- 
guftd  at  la  ndcaasltd  da  corractiona  relatlvamant  complexes,  sxlgeant  una  documentation  abondants, 
mala  fournisaant  un  positionnamant  continu,  at  pour  un  coOt  normalamant  pau  dlavd,  Un  aystbme  tal  qua 
OMEGA,  dont  la  precision  corraapond  bian  au  niveau  aouhaltd,  aara  plainement  satiafaisant,  ralatlva- 
mant  b la  formulation  du  baaoin,  si  un  syatbma  da  ealcul  at  d'application  automatlqus  daa  corractiona 
paut  lui  Itra  adjoint,  at  ai  un  diapoaitif  simple  de  contrSla  du  lavd  d'ambigufte  parmat  d'exploitar 
touts  1'information  du  signal.  Pour  l'uaagar  courant,  qui  na  dispose  d'aucun  syatbma  "intdgrd"  impll- 
quant  l'emplol  d'un  ordlnataur  da  bord  capable  da  prandra  caa  fonctlons  en  charge,  lea  diapoaltlfs 
corraapondants  davraiant  bian  antendu  fairs  partis  du  rdcspteur,  tout  en  velllant  b raster  dans  daa 
limits*  da  coOt  raiaonnablas. 

Laa  ayatbmaa  b satellite*  du  type  NNSS  na  fourniasent  qu'un  positionnamant  recurrent,  male  ce 
point  n'aat  paa  rassanti  comma  un  lnconveniant.  Ila  exigent  da  touts  fagon  l'emplol  d'un  ordlnataur  da 
bord,  ou  d'un  proceaseur  specialise,  qul  peuvent  4ventuellement  Itra  utilise*  pour  lntdgrer  las  elements 
de  l'astima  at  fournir  uha  position  permanents.  Ou  fait  dslsurcoOt  plua  dlsve,  at  bian  qua  da*  ins- 
tallations TRANSIT  complbtss  aoient  ddaormala  offartaa  b das  prix  trba  raiaonnablas,  la*  ayatbmaa  b 
n'en*  «a<wUiWf  ( is  b*e  rnulgeituHt  L*  ftofbw  4*  tdeaplema  4*  wt  •*» 


trfimemant  faibla  dans  la  marina  da  commarca  frangaia*. 

SI  la  baaoin  courant  eat  convanablamant  aatlafait  par  laa  ayatbmaa  VLE,  11  n'an  aat  paa 
da  mtma  an  ravancha  pour  ealui  daa  naviraa  apdclaliada  (naviraa  da  racharche  ocdanbgraphiqua  at 
gdophysiqus,  cSbliers,  naviraa  da  proepaction  daa  raaaourcaa  aoua-marins  at  blantdt  nivlraa  d'axploi- 
tatxoii  an  aau  profotKJS,  etc...),  qui  aont  baaueoup  plua  axigaanta  aur  la  crltbrs  aa  precision,  Ln 
contrepartia,  la  critbre  da  coQt  eat  inconparablamant  moina  critique  pour  caa  usagera,  qul  aont  dga- 
lement  disposes  b accepter  daa  performances  da  qualite  at  da  dlsponibilitd  moina  advbrss.  Las  naviraa 
St-c'Cl  aliiea  da  i ant  cm  tmrn/no*  t ft 'frqalp**  is*  eTVtfihr**  i(.t<  =*t,  cat-tLies  c'tlab.ra*  «u- 

tomatiquenent  la  position  a partir  daa  ayat&mea  octuallamant  diaponiblaa  at  d'dquipemanta  autonomaa, 
tela  qua  capteura  cap-vi tease  ou  inartiala.  La  gamma  da  precisions  indiquda  aur  la  tableau  eat  trba 
large,  et  correspond  aux  baaoina  daa  dlffdrantaa  operations  b la  mar,  extrapolda  pour  l'avenir  prd- 
vlalblB,  Lea  s,oli„eo  actuals  n*#ii  cc.uvxa.it  ^u'une  paxtiu,  et  uaxtalnbS  upfiratiu.'is  ne  peuvant  Atm 
uxdcutdee  par  lea  aeuls  moyena  du  poeitionnement  radiodlactrique  maia  ndcessitant  la  racours  A daa 
procddds  auxiliairea  tala  qua  laa  baliaaa  aoouatiques  xioullldas  aur  2o  fond,  II  eat  evident  qua  la 
veritable  progr&a  earait  ici  l'accba  au  GPS,  dans  aa  version  proteges  da  haute  precision,  tit  ce  be- 
eoin  aat  ja  penes  l'une  dee  motivations  du  ddvaloppament  da  ce  syatbme,  D'autras  ayat&mea  congua  sur 
dea  specifications  diffdrentea,  tele  que  GEOLE  proposes  par  Centre  National  frangaia  d'Etudes  3pa- 
tialee  (CNES)  pourralent  dgalement  apportar  una  solution  au  moina  partialis,  II  en  sat  dgalement 
ainsi  pour  la  LORAN  C (dans  daa  regions  geographiquamant  limltesa,  bian  antendu)  dans  la  meaure  ou 
lea  techniques  da  tral tenant  du  signal  et  lea  methodaa  da  correction  aont  suscsptlblea  d'amdliorar  encore 
la  precision  da  ce  syatbme. 


4,2,  Svat&mea  A movenne  portde 

Comma  nous  l'avone  ddjb  constate,  la  divaraite  du  baaoin  eat  ici  beaucoup  plua  grande.  Una 
analyse  simple  permet  de  dietinguer,  pour  la  poeitionnement  radiodlectrique,  lea  functions  aulvantes  t 

. atterriasaga  at  navigation  cQtlbre,  pour  I'ansemble  dea  navigateura  civlla  et  milltaireB  de  toutes 
categories.  Le  gain  eh  precision,  par  rapport  A la  navigation  oceanique,  provient  dvldemmont  dea 
dangers  de  touts  aorta  que  doit  affronter  le  navigateur  dans  lea  petlts  fonds,  at  da  1 'augmentation 
parf ole. considerable  de  la  dsnalte  du  trafic.  Laa  moyena  traditionnela,  positionnement  optique  sur 
amara  tsrrestres,  aur  baliaags  flottant,  sur  baliaage  lumineux,  amploi  du  radar  at  du  aondaur, 
continuant  d'fitre  utilises  at  aont  aouvent  conslddrda  comma  aatisfalaants, Lea  radiophares  et  lea 
stations  radiogonometriquaa  aont  toujoura  largemant  utilises  pour  1 ’attarriasage,  Plaia  da  plua  en 
plua,  dans  lea  zones  b forte  danaite  de  trafic  S tout  le  moina,  la  necaaaite  de  ayetbmss  de  poai- 
tlonnemant  radloeiactrlques  plua  precis  et  plua  aOraest  raaaentle.  La  portda  indiquda  eat  relatlve- 
nent  faibla,  ce  qui  indiqua  bian  qua  ca  procddd  aat  rasaenti  comma  un  substitut  aux  mdthodes  optl- 
quaa  ou  radar,  et  la  precision  eat  modaste.  ttaia  lea  performances  de  diaponlbllite  at  da  qualite 
axigdaa  aont  eievdea,  ca  qui  eat  normal  pour  un  poaitlonnament  daatine  avant  tout  & garantir  la 
adcuritd  du  navlra, 

- navigation  precise  an  zone  sensible,  II  exists  cependant  un  certain  nombra  da  regions  peu  dloigndaa 
dea  elites  oCi  lee  normea  de  precisian  souhaiteas  aont  plua  atrlctas  que  pour  la  navigation  cQtlbre 
couranta  t Ce  aont  en  particulier  cellos  ou  la  dsnalte  du  trafic  eat  plua  lmportants  an  mime  tamps 
que  1 'envlronnement  natural  aat  plua  difficile  t regime  de  la  marde,  das  couranta,  conditions  mdtdo- 
rclogiquaa,  profandeura  faiblee  dventuallement  ancombrdea  d' obstructions  diveraas,  presence  d'ina- 
tallationa  off. shore,  II  conviant  da  mantionner  ici  la  caa  particulier  dea  trbs  grands  naviraa,  qua 
laur  tirant  d'eau  contraint  aouvent,  an  da  tslles  zones,  b enpruntar  das  couloirs  de  navigation  dont 
ila  na  peuvent  a'dcarter  aana  danger.  Noua  appalarona  css  regions  "zonae  senalbles",  1 'example  la 
plua  caractdrlatiqua  dtant  sans  douta  actuellemsnt  la  rier  du  Nord,  La  nature  du  baaoin  a'y  caractd- 
riaa  par  una  exigence  accrue  an  precision,  ainai  qu'an  flebilitd,  avec  an  contrapartia  1 'acceptation 
d'un  coQt  plua  dlsvd,  qul  tradult  l'intenaitd  croissants  avec  laqualle  le  baaoin  aat  raaaanti.  Hors 
de  vue  da  terra,  11  n'exiate  en  effat  aucuna  methods  claasique  autre  que  la  navigation  astronomiqua. 
En  presence  d'un  baliaage,  ou  pour  aa  tenir  b l'dcart  daa  atructuras  off-shore,  on  psut  dvidammant 
utiliaar  le  radar,  mala  il  na  constitua  un  moysn  da  navigation  proprsment  dit  qu'aux  approchee  dee 
c8t08.  On  obaarva  d'aillaura  una  tandanca  h la  conaiddrar  ddsormaia  aurtout  comma  una  aide  anti- 
collision,  le  poaitlonnament  du  navira  davant  Ctrs  obtsnu  par  d'autrsa  moyena. 

- beaolna  particuliara  da  la  plcha,  Le  baeoin  tal  qu’il  eat  ddfini  aur  la  tableau  eat  formuld  esaon- 
tiallament  par  lea  chalutlara.  La  fonctlon  b ramplir  eat  ici  da  pernattre  b l'uaagar  da  retrouvar 
de  fagon  prdciaa  lea  emplacamanta  at  las  routes  qu'll  a ddjb  pratiques  at  oti  son  axperisnca  lui 
indiqua  qua  son  actlvxtd  Sara  fructueuaa,  at  aurtout  da  *e  tenlt  & X’Soart  caa  accidents  ba  relief 
et  ooatruction  oa  toutii  aortas  suscaptibies  oa  ddtfriorftr  son  material,  dont  11  connait  la  position 
par  aa  propra  experience  at  calla  de  aat  confreres,  Caci  conduit  b pratiquar  una  navigation  aouvent 
extrSmemant  precise,  dane  das  rdgicna  qui  s'dtandent  normalamsnt  b la  totallte  dea  plateaux  conti- 
mt.TCux,  an  aetandaft  le  uevsi jp^amant  ju  et,*i Aitjt  p»T  yianda  pruForrSeo*,  La  baaoin  ex Hr inti  sal 
done  aeaez  advbre  aur  laa  critbraa  da  couvartura  at  da  precision,  et  c'sst  aamble-t-il  en  contra- 
partia qu'il  manifests  una  exigence  moindra  dana  le  domsina  de  la  disponibilitd.  La  qualite  doit 
Itre  excallenta  at  la  coOt  raster  aoddrd,  comma  on  pouvait  a'y  attandrs  de  la  part  d'uaagera  ayant 
cos  meyana  flnanciera  limited,  daa  bateaux  scuvsnt  fruatea  at  un  personnel  sans  qualification  par- 
ticulars, 

- exploitation  off-shore  du  plateau  continental,  Caa  uaagara  indiquant  pour  laa  critbraa  da  couvartura 
et  de  precision  das  valeura  tout  b fait  comparables  b callas  das  plcheurs,  mala  laurs  exigences 
quant  aux  troia  autraa  critbraa  aont  invarsdsa,  Una  axcallante  dlsponibilite  aat  Jugde  ndcaasalra, 
tandla  qua  las  moyena  flnanciera  at  la  qualification  du  personnel  disponible  parmattent  d'accsptar 
une  qualite  moindra  at  un  coQt  plua  dlavd, 

II  sxista  un  aaaaz  grand  nombra  da  aystbmss  actuellemant  axploltda,  axperimantda  ou  propose*, 
at  capablaa  da  fairs  face  b ca  baaoin,  pour  la  plupart  das  aystbmas  it  endaa  entratanuas  ou  b impul- 
sions du  type  hyptrboliqus,  En  ca  qui  concerns  le  navigation  cQtlbre  couranta  at  l'attarrisaags,  un 
procdd<  tal  qua  1'OdEGA  Differential  aat  axtrlmsmsnt  adduiaant  dana  son  principa  < aa  precision  as- 


comptde  rdpond  bux  prdocuppations  ds  la  plupart  das  usagers.  La  repartition  spatiale  da  cstts  preci- 
sion naut  8tre  ajustea  de  fagon  logiqua  at  afficace  an  fonction  da  la  repartition  geographiqua  du  be- 
soin  par  un  choix  judicieux  des  sites  das  stations  de  compensation  au  voisinags  das  zones  sensibles. 

Oe  plus  l'equipamant  de  bord  rests  d'un  coCt  moddre  at  aa  presents  comma  un  simple  complement  b l'e- 
quioemant  destine  b la  navigation  ocdanlque.  II  deviant  alnal  possible  de  satiafaire  an  bloc  lea  be- 
soina  das  navigateurs  courants  b grande  et  moyanns  portde,  sur  la  base  d'un  systems  unique,  et  au  plan 
mondial,  avac  une  grande  economic  ds  frequence.  II  eat  dvidemment  indispensable,  pour  attaindre  ca 
but,  qua  lea  emissions  de  compensation  soiant  normaliadea,  faute  de  quoi  1' OMEGA  Differential  pardrait 
l'essentiel  de  son  interdt.  Oe  crois  -eavoir  qu'un  procaBaua  ast  engage  pour  attaindre  cat  objactif,  et 
ja  formula  la  vmu  qu'il  aboutiase  rapidement. 

Las  beaoina  plus  specifiquas  de  la  pflcha  au  chalut  mantionnes  plus  haut  ns  sont  paa  couvsrts, 
an  precision  et  an  portea  par  1' OMEGA  Differential.  II  an  ast  de  mime  pour  d'autres  types  da  naviga- 
tion, tels  qua  calls  dea  navires  b grand  tirant  d'eau  dana  las  zones  sensibles  dtsndues.  II  apparatt 
done  inevitable  de  recourir,  au  moins  localamant,  h das  aystbmas  plus  performanta,  mala  auaai  sans 
douta  plus  coOteux.  La  panoplie  axistante  eat  assez  large  (LORAN  C,  DECCA,  TORAN,  RANA  P 17,  pour  ne 
citer  qua  las  proeddds  gdndralemant  connus  das  usagers  frangaia).  La  problems  n'est  done  pas  technique 
(hormis  la  point  ddlicat  a rdsoudre  ds  l'ancombreeent  du  spectra),  mais  tient  plutSt  aux  graves  incon- 
vdniants  de  la  proliferation.  Las  navigateurs,  da  toute  evidence,  n'admettront  quo  das  systbmes  trbs 
normalises  b forts  implantation  mondiale,  tele  qu'ila  soiant  assures  de  pouvoir  an  bdndficier  dans 
toutes  las  zones  qu'ils  pauvant  avoir  b frdquenter  sans  multiplier  leurs  dquipemanta.  La  css  de  la 
pScha  hauturibre  eat  paut  6tra  h considdrer  b part  t Las  zones  frequentdae  par  un  ensemble  d' usagers 
dornd  sont  suf fisamment  limitdss  at  stables  pour  qu'il  soit  possible  d'envlsager  dee  systbmes  diffd- 
rants  dans  daa  regions  diffdrentes.  A Litre  d'exemple,  une  region  telle  qua  la  Pier  du  Nord  pourrait 
8tre  couverte  an  OMEGA  Differential  et  an  LORAN  C ; una  region  tails  qua  le  Golfs  de  Gascogne  et  sea 
aborda,  an  OMEGA  Differential  et  un  syetbme  spdcifique  orientd  vara  las  beaoina  da  la  pSche,  du  fait 
qua  la  navigation  dea  navires  b grand  tirant  d'eau  n'y  poaa  aucuna  contrainta  particulibre.  Bien  en- 
tsndu  cat  example  n'est  donnd  qua  pour  illustrer  (paut  8tre  improprement)  lea  remarquea  qui  prdeddant, 
et  na  prdtend  nullemant  ddfinir  une  solution  iddalB  1 

On  ne  paut  qua  aouhaiter,  sans  se  fairs  trop  d'illuaions,  qua  soit  recherchda  par  tous  lea 
moyans  approprids,  une  reduction  de  catte  proliferation  da  systbmes  diffdrents.  Parallblement,  on  de- 
vra  garder  b l'esprit  las  contraintes  trbs  diffdrentes  daa  divaraea  categories  d'usagera  an  matibra 
de  coOt.  II  se  trouve  par  example  que  caux  qui  sont  parml  las  plus  exlgeants  an  matibra  de  portea  et 
da  precision,  ainsi  qu'an  matibra  da  qualitd,  lea  pScheura  hauturlers,  demandant  dea  prix  moddrds.  La 
prix  de  revient  de  la  localisation  ast  une  part  importante  du  bilan  d'exploitation  d'un  petit  ou  moyan 
chalutier,  at  las  avantages  de  la  precision  ssront  soigneusement  pesds  an  regard  de  ce  prix.  La  solu- 
1.  i • i^xcal*  6ctt  flenga  ius  •''L/tcusmeri  'lullU,  tf  U « luUtr  ICUAf  . >o«t  l'«wiU  IJjWUJLh 

fia  .'Co  sini|.ie. 

Les  basoins  das  actlvitds  de  recherche,  prospection  et  exploitation  sa  dif fdrenrlant  nettement 
das  autres.  Les  deux  premibrea  ont  un  caractbre  la  plupart  du  temps  trbs  localise  et  aasantiellemant 
transitoira.  Si  l'on  tient  conpte  du  fait  que  laa  organiamBs  intdrassds,  individuallement  ou  an  coope- 
ration, diepoaant  an  general  de  moyans  financiers  importants,  la  solution  logiqua  reside  dans  l'utili- 
sation  de  systbmes  mobiles  approprids,  dont  1 • inf restructure  peut  8tre  deplacda  an  fonction  des  pro- 
grammes de  travail.  Da  tels  systbmea  peuvent  fitra  la  proprieti  de  leurs  utilisatsurs  ou  utilises  dvsn- 
tuellement  en  location.  Quant  aux  basoins  permanents  des  actlvitds  d'exploitation,  ils  na  sa  diffdren- 
ciant  pas  notablemant  da  caux  daa  autras  navigateurs  frequantant  les  mSmas  zones  du  plateau  continen- 
tal, sinon  psut-8tre  par  l'axigenca  d'una  melllsure  precision,  pour  certaines  fonctlons  tallea  que  la 
s-ei'  •*.  L'e  »»  Ue  xk  ' L aa  * s.um  1 *'*"**;.  I 


4,3.  Svatbmea  b courta  portea 

Ces  aides  radloeiactriques  ont  pour  objat  da  permettre  une  navigation  trbs  preciaas  dans  un 
certain  nombre  de  zones,  en  general  trbs  locallsdes,  ou  les  conditions  sont  particullbrament  dlffici- 
Ipt,  til  ftLL  d'oue  fofLs  coflpgr'Lutlon  du  ^fsfJr^  at  da  Jr  ntleam  site,  au  mnine  : our  la*  tlue  rands 
navires,  da  sa  confiner  b dee  cheneux  de  navigation  ou  alres  da  menmuvre  eouvent  etroita.  Cae  zonae 
sont  essentieliement  conatituees  par  certains  ''passages  obliges*  (dbtroita  da  Taibis  iatyeur,  par 
example),  certains  dispositife  da  navigation  reglemantes,  qui  vont  davenir  prochainamant  obllgatoires 
pour  tous  las  navires,  dba  l'antrea  en  vlgueur  des  rbglaa  de  la  Convention  ds  1972,  et  bien  antandu 
ir>s  cnansu*  0‘*ect>ai  Term  d'erttante  aft.  as  rrtnAllltjB-,  wtt,  -ton 

la  trbs  grands  mejorite  des  cae,  cee  zones  difficiles  se  trouvent  b proximite  immediate  da  terra,  et 
alias  aont  frequemment  aoumises  b l'obllgetion  da  pilotage.  Les  methodee  treditionnellae  de  nevige- 
tton  . r M v-t  t-  ».«£•«  i a-ftn.-r.*i*Ttnt  -latW^es*  Bn^ulbdgkt  J 'ei%R*ntati?n  i* 

taille  das  navires,  at  las  prdblbmes  libs  b leur  manouvrabilite  at  b leur  tirant  d'eau,  la  sensibili- 
sstion  croiaaanta  des  autorites  aux  riaquas  da  pollution  entrainAe  par  lee  accidents  di>  r.er,  la  aou- 
hsit  des  navigateurs  eux-mSme,  randent  necassaire  qua  soiant  mis  b la  disposition  das  usagers  das  mo- 
yens  plus  precis,  plus  disponibles  at  plus  flablea  que  ca  qu'offre  la  tradition. 

Une  grande  dlvarsite  de  syatbmaa  radloeiactriques  peut  Itra  envisages.  Las  systbmes  hyperboli- 
ques  h moyenna  portea  permettent  souvant  da  satiafaire  eonvsnablement  ca  type  da  bssoin  i utilises  b 
courte  distance  da  laurs  stations,  ils  procurent  norhalemant  una  trbs  bonne  precision.  II  ast  quelque- 
fols  possible  d'amenagar  la  rAseau  da  stations  on  vus  de  couvrlr  eonvsnablement  una  zona  difficla,  par 
example  an  faisant  cofncidar  aenaiblemant  l'axa  d'un  chanal  important  avac  un  lieu  ds  position  fournl 
par  le  systbma,  at  an  s'arrangsant  pour  qua  l'angle  ds  rocoupament  des  lisux  y eoit  optimal.  Male, 
etant  donnd  la  proximite  das  cStaa,  il  sat  Agalement  possible  da  recourir  i des  systbmes  fonctlonnant 
en  trbs  haute  frequence,  dont  la  portea  ast  limitAe  b l'horizon.  Oe  tels  systbmes  sont  capablss  das 
performances  axigeas  an  matibra  da  flabllite  at  qualite,  at  offrant  una  precision  axcallante,  souvant 
au-dalb  du  bssoin. 


L'Acuail  aat  ici  oomaa  prAoAdaiiaant  la  proliferation  da  ayatimaa  different*  auivant  laa  paya 
at  laa  regions,  ea  qul  conduiralt  a accuaular  aur  laa  naviraa,  an  fonction  daa  porta  frequent!*,  daa 
inatallationa  ooOtauaaa  at  dlaparataa.  11  aat  dlfficila  d* iaaginar  un  raaada  pratiqua  rtfallata  k oa 
risque.  CaptndanX , dana  la  oaa  partiouliar  daa  zonak  da  pilotage,  11  f*ut  aantlonnar  una  solution 
alnpla  at  sAduisanta  i aur  la  baaa  d'un  ayatkma  da  poaitionnamant  ohoiai,  rAaliasr  un  material  aobila 
aufflaaaaant  ldgar  at  ooapaot  pour  qua  la  pilote  pulaaa  aabarquar  at  dAbarquer  avac  lul.  La  navlra 
n'a  plua  dfea  lora  k acquArir  auoun  Material,  ni  k aa  famlllarisar  avao  aa  aiaa  an  oeuvre,  tout  an  dla- 
poaant  du  poaitionnamant  auivant  aon  baaoln.  Catta  aolution  a At!  ratanua  pour  la  eouvartura  daa  cha- 
naux  d'aocka  au  nouvaau  taralnal  pdtrollar  du  HAVRE,  au  Cap  d'ANTIFER.  3a  aoullgna  qua  dana  la  oaa  du 
cwntlaga  al  da  1*  (Haanti,  la  tmia-tj  ihfcrauinMl  cu  tyibkaa,  ami  |a  o'ol  pa*  ntanu  ta  ft  Lai l 
dana  la  definition  da  noa  erltkraa  gAnAraux,  n'aat  paa  aana  inportanoa  t an  oontralra  da  la  plupart 
daa  autraa  applicationa,  una  indication  an  tanpa  real  aur  la  vltaaaa  abaolua  du  aobila,  an  plua  da 
l'informatlon  normal*  da  poaitlon,  aat  ici  d'uri  haut  lntArlt.  Ca  orltkra  paut  parmattra  da  guldar  un 
clWlx,  Jana  la  maajxe  at,  p*u  da  *,atkmat>  filaakiqua*  aont  uohgu*  poufc  foutnii  norn*l*a*nt  calta  Indi- 
cation. 


Laa  autraa  applicationa  du  poaitionnamant  k oourte  portAa,  an  dahora  da  la  oouvartura  apAci- 
fiqua  daa  zonaa  diffioila,  ont  tout**  un  oaraetkra  taohniqua  t cartaina  baaoina  ailltairaa,  qui  ss- 
ront  lommairamsnt  axaminAa  plua  loin,  at  caux  daa  opAratlona  da  lav!  hydrographiqua  ou  da  travaux 
publics  maritimss.  La  aatiafaction  da  ca  baaoin  relkva  soit  daa  ayatknaa  fixaa  examine*  oi-das*ua  dana 
la  cas  daa  sarvicas  portuairaa  (antratian  du  balisaga,  antxatlan  daa  chanaux  d'accka,  ate.)  soit  do 
ayatkmes  mobiles  dont  tous  laa  Sarvlcaa  Hydrographiquaa  ont  aujourd'hui  una  pratiqua  couranta. 


4.4.  Baaoin  milltaira 


3'Acarte  deiibArsmant  cartaina  problkmea  trka  particuliars  tela  qua  par  axampla  la  navigation 
das  stous-marina  nucldairas,  ou  la  mise  an  oauvra  da  1 'aviation  embarquAs  contra  daa  objactlfa  tar- 
rastres.  Caa  caa  spdeiaux  mis  k part,  la  baaoin  milltaira  na  diffkra  paa  aubatantlallamant  du  baaoin 
civil  at  on  paut  y reconnaltra  an  gros  laa  mimes  categories.  Laa  normaa  indiqueaa  pour  laa  dif rerents 
erltkraa  aont  cepandant  an  gdneral  differantas,  an  prdoiaion  at  an  eouvartura  notamment.  La  reparti- 
tion daa  zones  d'intArlt  milltaira  na  coincide  pas  entikrement  *vac  laa  zonaa  d'intArlt  pour  la  navi- 
gation commercials,  bian  qua  naturallamant  la  protootion  da  oaa  darnikrea,  s'agiaaant  da  navigation 
allide,  ou  laur  attaqua,  pour  callaa  do  l'annaml,  leur  oonfkr*  ipso  facto  una  inportanoa  atrateglqua. 
Par  aillaurs  la  critkr*  dconomiquo  doit  Itra  dans  os  caa  consider!  comma  pou  aanaibla,  las  armAos  da 
mar  ayant  pour  vocation  da  aa  donnar  laa  moyons  da  faire  face  k leura  missions  dana  laa  conditions  laa 
plua  efficaces.  La  baaoin  milltaira  aat  par  nature  gouvernamantal,  ca  qui  signifia  qua  la  coOt  k con- 
aidArar  dana  ca  caa  aat  la  prlx  global  du  ayatkma,  y compria  aon  infrastruotura,  la  "ooflt  da  poaitlon* 
nomant*  au  nivaau  da  l'utilieataur  individual  ayant  pau  da  signification.  A oa  propoa,  Jo  aoullgna 
simplamont,  aana  y inaiatar,  la  diffAranoa  d'Aclairage  du  problkme,  auivant  qu'on  l'axanina  dana  un 
cadre  multinational,  au  aain  d'un*  alliance  talle  qua  l'OTAN,  ou  quo  l'on  envisage  una  aolution  ca- 
pable d'assurar  una  autonomia  nationals,  pour  daa  pays  da  la  tallla  das  nations  d'Europa,  dont  l'aira 
d'intArlt  atratAgiqu*  aat  limitA*,  at  qui  n'ont  paa  k laur  diapoaitlon  laa  poaalbilltes  tachniquas 
daa  Grand*. 

Obsarvons  una  foia  da  plua  qua  la  GPS,  sous  aa  version  protege*  da  grande  precision,  aatls- 
fait  l'anaamble  daa  baaoina  mllitalrea,  ca  qul  aat  pau  aurpranant  pulsqu'il  aat  congu  prAclaaaant  dans 
ca  but.  II  laa  satiafalt  mlma  bian  au-dalk  das  norma*  nAoeaealres  k l'usaga  aarltima,  du  fait  qu'll 
doit  auaai  aatiafair*  las  usagar*  aArlana,  baauooup  plua  sxigaanta  qua  lea  marina  auivant  certain* 
erltkraa  (poaitionnamant  3 0,  performances  dynamiquss,  etc.).  Laa  aystkmas  autraa  qua  la  GPS  aont  b 
rAaxaminar  du  point  do  vus  daa  different*  erltkraa  du  tableau,  at  notamment  da  la  precision  at  da  la 
eouvartura,  at  a examiner  du  point  da  vus  das  erltkraa  apeoifiquas  milltaires. 

En  c*  qui  conoarna  la  poaitionnamant  k grande  distance,  il  apparait  qua  la  baaoin  milltaira 
aat  plua  axigaant  an  precision  qua  la  baaoin  civil,  au  molna  dans  cartainss  zones  at  pour  oartains 
uaagaa.  La  ayatkma  onEGA  n'aat  pas  aufflsant  pour  y faire  faas,  bisn  qua  aaa  performance*  an  matlkra 
da  prAolslon  differentials  puiaaant  lui  assurer  una  bonne  sfficaoite  pour  oartainas  applioatlona 
(precision  da  randaz-vous) . O'autre*  solution*  doivant  Itra  envisage**.  L'una  d'alla  pourrait  Itra 
una  axtsnaion  doe  rAaeaux  LORAN  C actuallsmant  axiatants,  si  daa  sites  oonvanablas  psuvsnt  Itra  trou- 
vis  sous  oontrlla  ami,  Laa  proclde*  da  localisation  par  horlogo  ultrastabla  paraissant  Agalement  sus- 
ceptible* k terms  d'offrir  una  rlponaa  k ca  baaoin.  La  poaitionnamant  k moyenne  portla  no  fait  pas 
apparattra  da  difference  notable  par  rapport  au  baaoin  oivil,  sinon  aur  las  oritkras  spAclfiquemant 
milltaires. 

°«l  U K omit imi.ia mailt  « eofatts  psitka,  ll  appatalt  qu'an  au*  Ma  tones  i'iiUtli  Snonomlqu*, 
on  doit  anviaagar  la  eouvartura  prAclaa  da  zonaa  d'intArlt  milltaira  : approohea  daa  porta  ailltairaa 
at  daa  baaaa  navalaa,  at  da  laura  chanaux  d'aocka,  d'una  part,  approeha*  daa  aitaa  da  dlgagamant  ou 
da  rapll  eventual,  d'autr*  part.  II  aarait  d'un  haut  lntArlt  qua  l'anaambla  aoit  oouvart  k l'alda  da 
systems*  xdefitxquas,  afln  oa  ranora  possible  1'ampxoi  O'un  natArlsl  unique  aur  sous  las  typos  aa  na- 
viras  milltairas,  auqual  1*  personnel  da  mis*  an  oauvra  at  d'antretlan  aarait  bian  entrain!.  Caoi 
conduit  k congavoir  das  aystkmas  k implantation  lAgkra,  dont  las  chains*  fixe*  oruvriraisnt  las  zona* 
d'intArlt  permanent,  at  dont  daa  chain**  mobiles  pourralent  Itra  install!**  trke  rapldamont  an  una 
region  qualconqua  du  littoral,  an  fonction  das  baaoina  opAratlonnals  (dragage  da  mine,  Atabliaaomant 
at  maintian  da  chanaux  da  sAcurltA,  ate.).  La  orltkra  da  discretion  n'aat  pas  critique  pour  una  tall* 
fonction,  at  on  paut  par f alternant  arwiaagar  da*  ayatkma*  VHF  ou  UHF  k mesure  da  distance  al  laura 
performances  da  port!*  at  da  saturabllit!  aont  conform**  au  baaoin.  Idealomant,  ca*  aystkmas  dsvralant 
Itra  ldantlquaa  au  compatibles  avac  caux  qul  aasurent  la  eouvartura  du  baaoin  oivil  dans  las  "zona* 
difficile*"  d'accka  aux  porta  important*,  AtudiA*  plus  haut. 
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Nous  avona  dans  laa  paragraphs*  prdoddants  pasad  an  ravua  l'aaasntial  das  baaoina  daa  diffd- 
rantea  eatdgoriaa  d'utiliaataura  profaaaionnala  da  la  radlolooallaation  maritime.  Cotta  ravua  dteit 
ndcasaairanant  aommaira,  at  conduita  aur  un  plan  gdndral,  alora  qu'il  oonviandrait,  avant  d'dtudiar 
la  solution  approprlfe  a l’un  ou  l’autra  typo  da  baaoln,  da  oonnaltra  avant  tout  aa  rdpartltlon  gto- 
graphique,  qua  nous  avona  saulaaant  dvoquda,  at  l'effeotif  rdal  da  la  population  d'usagars  b eervlr, 
dont  noua  n'avons  pas  parld.  Caci  na  vaut  paa  dlra  qua  laa  solutions  las  meilleurea  rdsldaralant  dans 
daa  choix  rdglonaux  diffdranta,  mala  blan  au  contralra  qua  eatta  dtuda  rdgionala  parmsttralt  da  trou- 
var  las  solutions  da  compromla  applicablas  aur  la  bass  gdographlqua  la  plua  largo  possible , avoe  las 
meillsuras  chances  da  succbs  auprbs  daa  ueagera,  at  pour  la  meilleur  profit  das  autoritda  rasponsablas 
da  la  sdcuritd  da  la  navigation  maritime. 

3e  voudrais  an  guise  da  conclusion,  at  proaqua  pour  mdmoira,  dvoquar  una  catdgorla  da  naviga- 
taurs  dont  js  n'al  paa  parld  dana  laa  pagaa  qui  prdcbdant  : II  a'agit  daa  plaisanciora,  dont  la  nombra 
aana  cease  croissant  eat  atteatd  an  Francs,  at  oortainament  dana  laa  autrea  pays.  Las  bateaux  da  gran- 
de croisibrs,  utilises  par  das  propridtairsa  fortunes,  na  sa  diffdranolant  pas  das  bltimenta  profas- 
aionnsla  da  taille  comparable,  at  pour  aux  la  critbra  da  coOt  eat  aouvent  pau  critique.  Hals  pour  la 
plus  grand  nombra,  constitud  par  las  bateaux  da  croisibre  modestes,  c'eat  dvidammant  co  critbra  qui 
ast  fundamental.  La  coOt  daa  dquipaments,  b l'haura  actualla,  laur  intordit  pratiquomant  l'accba  b la 
radionavigation,  si  l'on  axcepte  bion  aOr  l'amploi  daa  radiogoniombtraa  at  l'utlliaation  do  ayatbmaa 
tala  qua  la  CONSOL.  Cotta  catdgorla  d'utiliaataura  mdrite  aaaurement  qua  sas  baaoina  soiant  prla  an 
oonsiddration.  La  problbme  sat  done  posd,  11  n'sst  paa  simple,  at  sa  solution  n'ast  pas  on  vua. 
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DISCUSSION 


S.Horowitz,  Ionospheric  Radio  Physics  Branch,  Electromagnetic  Sciences  Division,  L G Hanscom  AFB,  MA  01731,  USA 
In  answer  to  the  questions  raised  in  the  speaker’s  presentation,  LORAN  C Transmitters  are  in  continuous  operation 
with  spe^iai  vlloit  to  maintain  imlst  aimpc  and  iciiabihij . 1 nt  oodui&  delays  iiiscitcd  mio  Vac  slave  transmitters 
assures  that  there  is  no  ambiguity  in  the  identification  of  the  hyperbolic  time  difference  line  for  a given  network 
As  one  moves  into  a different  network  or  chain,  the  pulse  group  rate  is  changed  to  eliminate  the  ambiguity  problem. 
LORAN  C receivers  are  being  manufactured  which  cost  under  $ 1 000.00,  are  simple  to  use  and  highly  reliable.  There 
are  anti-jam  and  ECCM  provisions  in  the  receivers  and  transmitters  for  military  use.  To  achieve  high  accuracy  the 
LORAN  C utilizes  only  the  first  three  cycles  of  the  transmitted  pulse  (and  the  sixth  cycle  in  LORAN  D;.  The 
remainder  of  the  pulse  has  no  useful  function  and  unfortunately  only  serves  as  interference. 


E.R.Swanson,  Naval  Electronics  Laboratory  Center,  San  Diego,  CA  92152,  USA 

Thank  you  for  an  excellent  paper.  You  properly  noted  that  there  are  many  different  aspects  of  technical  considera- 
tions. I wish  to  elaborate  in  the  area  of  accuracy  and  reliability  especially  as  related  to  safety.  Nominal  accuracy 
as  specified  at  the  10  or  at  the  95%  level  is  useful  in  evaluating  typical  error.  Part  of  the  reliability  consideration 
should  be  the  probability  of  blunders,  i.e.,  gross  deviations.  Most  systems  have  built-in  blunder  modes.  For  example, 
loss  of  the  “to-froin”  indication  on  a VOR  may  yield  an  error  of  precisely  1 80°.  There  is  a probability  of  this 
specific  error  occurring.  Blunders  may  have  a dominant  effect  in  evaluating  safety.  They  can  be  handled  as  the 
probability  of  errors  of  a certain  size  or  greater.  That  is,  they  are  represented  by  a probability  not  a distance  such 
as  a c.e.p.  Often  safety  is  of  more  importance  than  accuracy.  We  must  not  equate  the  two.  Improved  accuracy 
may  be  harmful  to  safety. 

Author’s  Reply 

Je  partage  absolument  le  point  du  vue  du  Dr  Swanson.  Le  fait  que  les  hearts  de  position  des  supremes  de  radio- 
navigation ne  suivent  pas  en  general  une  loi  normale  rend  ndeessair  d’adjoindre  a la  donnde  ECP  un  parametre 
suppllmentaire  caractdrisant  le  risque  d’erreur  grossiere,  si  Ton  veut  itudier  le  probleme  d’une  fagon  fine  et 
complete.  L’evaluation  de  la  quality  du  systeme  de  lever  de  doute  (comme  identification  procedure)  des  systemes 
Kj-pp.iL.n..  pii  3Tft,  q etjnnm  Ufl  up<w  A*  tffttp  »«Wssit£  d<*  caracteriser  les  sources  d’erreur (f  ossi&res. 
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SUMMARY 


Radiopositioning  systems  usually  implemented  for  accurate  maritime  surveys  are  based  on 
phase  comparison  or  on  radar  pulse  techniques.  They  present  several  well  known  drawbacks  such  as 
ambiguity,  sensitivity  to  soil  conductivity,  line  of  sight  limited  range. 

A pulse  system  has  been  developed,  named  SYLEDIS,  which  does  not  rely  on  radar  techniques. 
The  use  of  compression  of  long  pulses  by  correlation  methods,  and  of  a carrier  wave  in  the  420  - 450  MHz 
band,  has  resulted  in  a highly  accurate  system,  insensitive  to  soil  conductivity,  exhibiting  no  ambiguity 
problem,  capable  of  ranges  of  2 or  3 times  the  line  of  sight  and  not  limited  by  obstacles  of  reasonable 
size. 


SYLEDIS  is  highly  flexible  and  operates  in  range  or  hyperbolic  modes. 

SYLEDIS  equipment  is  fully  operational,  in  factory  production  and  commercialized. 


I - INTRODUCTION 


A tremendous  expansion  of  maritime  works  has  been  observed  during  the  last  thirty  years, 
covering  many  fields  of  activity  : oil  industry,  harbour  building  and  maintenance,  hydrography,  etc.  . . 

The  necessity  of  continuously  and  accurately  knowing  the  instantaneous  position  of  crafts  involved  in 
these  operations  has  become  more  and  more  acute. 

At  first,  existing  radionavigation  aids,  such  as  D JCCA,  have  been  used.  But  these  large  fixed 
installations  intended  to  cover  definite  areas  are  seldom  available  where  needed  ; and  when  available, 
their  accuracy  is  generally  too  poor. 

It  has  thus  been  necessary  to  create  positioning  systems  specially  adapted  for  these  applications. 
These  radiolocation  systems  involve  accuracies  of  one  to  a few  tens  meters  and  ranges  seldom  exceeding 
200  kilometers.  They  must  be  easy  to  transport,  to  install,  to  operate  and  to  service. 


2 - POSITIONING  SYSTEMS 


A dosen  of  different  systems  presently  meet  these  requirements.  From  the  technical  point  of 
view,  to  which  the  operational  characteristics  are  tightly  connected,  the  concerned  radiolocation  systems 
can  be  considered  as  roughly  relevant  of  two  categories  : phase  comparison  systems  and  pulse  systems. 


2.  1.  Phase  comparison  systems 


Phase  comparison  systems  measure  the  travel  time  of  waves  from  shore  transmitters  to  the 
ships  by  comparing  the  phases  of  the  incoming  waves  at  the  ship  receiver. 

Phase  comparison  systems  easily  meet  accuracy  and  range  requirements,  but  they  display  two 
major  drawbacks  : ambiguity  and  sensitivity  to  soil  conductivity. 

Ambiguity  results  from  the  physical  impossibility  of  determining  a phase  difference  which  would 
not  be  in  the  interval  0 - 2 IT  ; a value  of  the  phase  difference  corresponds  to  a series  of  possible  positions 
separated  by  intervals  or  "lanes".  Ambiguity  can  be  solved  by  lane  counting.  But  this  method  is  ineffective 
in  case  of  poor  reception,  or  interference  conditions  ; besides  it  does  not  allow  to  enter  an  insert  into  the 
coordinate  pattern,  coming  from  the  high  sea.  Lane  identification  can  be  carried  out  using  the  radioposi- 
tioning system  itself,  but  this  implies  the  use  of  extra  frequencies,  increasing  the  size,  weight  and  cost 
of  the  equipment. 

Phase  comparison  radiolocation  systems  generally  operate  in  the  2 Megahertz  band.  Propagation 
of  these  waves  is  highly  dependant  on  soil  conductivity. 

ul  ojil  ti]Aiuk.UVily  dluujy  Lhfe  pail,  ui  lliC  wa,6a  Ld  Jbt,  diffWfbiuil  ul 

patterns,  requiring  calibration  and  introduction  of  reading  corrections.  Moreover,  climatic  and  meteoro- 
logic  variations  deteriorate  repeatability.  One  knows  how  difficult  it  is  sometimes  to  select  shore  station 
location  to  achieve  a favourable  geometric  configuration  of  the  coordinate  patterns,  while  at  the  same  time 
avoiding  paths  of  the  waves  over  heterogeneous  soils. 

Yet,  waves  in  the  2 MHz  band  are  fairly  insensitive  to  obstacles  of  reasonable  size,  and  so  range 
is  not  limited  to  line  of  sight. 
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practically  preventing  the  use  of  these  systems  over  land,  for  instance  for  airborne  surveys. 

Skywave  interference  is  often  associated  with  this  frequency  band.  It  must  be  pointed  out  that  in 
fact  it  is  not  an  acute  problem  for  the  ranges  considered  here,  as  generally  dangerous  skywave  interference 
only  appears  at  night  for  distances  above  200  kilometers. 

It  might  also  be  mentioned  that  designing  sound  direct  range  measuring  systems  in  that  frequency 
band  encounters  severe  difficulties,  particularly  if  the  system  is  intended  to  be  multiparty.  But  this  point 
of  view  has  lost  much  of  its  importance,  as  distances  now  involved  necessitate  introduction  of  cartographic 
projection  corrections  : lines  of  coordinates  are  neither  circles  nor  hyperbolae,  and  circular  coordinates 
«.re  t,ul  refevi'nl  jftl.e  *we  _1  tor  a^aratel,  glutting  pjfitiui.ft. 

Moreover,  progress  in  electronics  allows  to  dispose  on  board  even  of  small  crafts  of  low  cost 
specialized  computers  or  computing  circuits  which  transform  circular  or  hyperbolic  coordinates  in  real 
tba  m Ih&T  position*  tii  nose  titrarti}  tfispu  j*a  ir  K and  f vTh*  Iwd'trt  u (KTnrjtsi 

Nevertheless,  it  remains  that  coverage  of  rectilinear  or  convex  coasts  is  much  easier  with  a 
range  system  than  with  a hyperbolic  system. 

2.2.  Pulse  systems 

Distances  are  determined  with  pulse  systems,  by  measuring  the  travel  time  of  a short  wave  pulse 
along  these  distances. 

Pulse  systems  are  generally  range  systems  involving  an  interrogator  on  the  mobile  vehicle  and 
responder  beacons  on  shore.  Measured  time  corresponds  to  the  travel  of  the  pulse  from  the  interrogator 
to  the  beacon  and  back. 

Pulse  systems  can  be  easily  designed  so  that  practically  no  bothersome  ambiguity  problem 

occurs. 


Accuracy  and  range  of  these  systems  are  not  dependant  on  soil  conductivity  as  they  operate  in  the 
microwave  band. 

Pulse  systems  used  for  application  considered  here  are  based  on  radar  techniques. 

In  order  to  achieve  the  required  accuracy,  pulses  must  be  very  narrow  (.1  microsecond  or  so). 
This  involves  a large  frequency  spectrum,  implying  the  use  of  microwaves  for  its  full  transmission. 


me  energy  required  to  achieve  the  wanted  range  is  entirely  contained  in  the  narrow  pulse  which 
must  be  consequently  of  high  amplitude.  Microwaves  and  high  peak  power  techniques  imply  the  use  of 
such  devices  as  klystrons  and  magnetrons  involving  frequent  and  costly  maintenance  operations,  and  do  not 
allow  to  beneficiate  of  the  high  reliability  and  negligible  maintenance  associated  with  fully  solid  state 
technology. 

A major  drawback  of  pulse  systems  using  microwaves  is  their  poor  range,  limited  to  line  of 
sight.  Transmission  beyond  the  horizon  can  only  be  achieved  by  increasing  the  peak  power,  leading  thus 
to  welgtt,  rest,  and  complication  in.  equipment  mnOmpa.ti.tiie  witu  tne  applications  oonsiueiea  here. 

Besides,  hills,  houses,  woods,  dykes,  ships  are  absolute  obstacles  for  microwaves. 


3 - THE  SYLED1S  SYSTEM 


It  has  thus  been  felt  more  and  more  necessary  to  dispose  of  a system  that  would  not  display  the 
drawbacks  of  phase  comparison  and  usual  pulse  systems,  while  meeting  the  range  and  accuracy 
requirements,  and  which  would  also  be  of  reasonable  price,  easy  to  operate,  and  reliable. 

SYLED1S  seems  to  be  a sound  answer  to  the  problem. 


3.  1.  Operation  of  SYLED1S 


SYLED1S  makes  use  of  compression  of  long  coded  pulses,  by  correlation  techniques.  A long  pulse 
means  here  2.  66  pnilliseconds.  The  energy  is  spread  in  the  pulse,  the  peak  power  being  thus  kept 
relatively  low  : 20  watts.  The  compression  ratio  being  5.  000  the  energy  contained  in  the  SYLEDIS  long 
pulse  would  correspond  for  a classical  system  using  . 5 micro-second  pulses  to  a peak  power  of  100  kw. 

Due  to  the  low  peak  power  involved,  SYLEDIS  equipment  is  entirely  solid  state  and  requires  no 
maintenance  operation. 

Each  2.  66  ms.  pulse  is  composed  of  40  repetitions  of  a 127  bits  pseudo-random  code.  Each  bit 
has  a duration  of  . 5 microsecond.  Such  a code  is  generated  by  a shift  register  with  logic  feedback. 

SYLEDIS  makes  also  use  of  special  time  discrimination  methods  which  highly  increase  the 
accuracy  of  distance  determination,  and  the  distance  separation  capability,  that  is  the  rejection  of 
unwanted  paths. 

Operation  of  SYLEDIS  will  be  understood  by  reporting  to  figure  1. 

1.  The  interrogator  at  point  A transmits  a coded  pulse  generated  by  its  code  generator  (code  1). 

2.  The  pulse  is  received  at  beacon  B where  code  1 is  correlated  with  a code  (2)  generated  by  a 
code  generator  identical  to  code  generator  A.  Code  (2)  is  synchronized  with  code  (1). 

3.  Code  (2)  is  then  transmitted  by  B,  and  received  at  A. 

4.  At  A,  code  (2)  received  from  B is  correlated  with  a code  (3)  generated  by  a second  generator 
of  A.  Code  (3)  is  synchronized  with  code  (2). 

5.  Time  difference  between  the  origins  of  codes  (1)  and  (3)  is  measured  : it  is  the  time  taken  by 
the  waves  to  travel  from  A to  B and  back  to  A.  If  wave  velocity  is  known  the  interrogator  unit  computes 
and  displays  distance  A B . 

Ambiguity  in  the  SYLEDIS  system  is  determined  by  the  duration  of  the  elementary  code,  that  is 
66  microseconds,  or  10  kilometers.  No  problem  results  from  this  residual  ambiguity  in  the  practical 
daily  use  of  SYLEDIS. 

3.  2.  Organization  of  the  system 


Transmission  and  reception  are  time-shared  using  the  same  frequency,  each  slot  corresponding 
to  one  pulse. 

SYLEDIS  can  operate  as  a range  or  as  a hyperbolic  system. 

When  operating  as  a range  system,  an  interrogator  is  placed  on  the  mobile  vehicle,  and 
responder  beacons  are  set  on  shore. 

The  cycle  of  transmission  and  reception  is  so  arranged  that  one  mobile  interrogator  can  operate 
with  27  shore  beacons. 


Four  mobile  interrogators  can  operate  simultaneously,  and  in  that  case,  the  number  of  shore 
beacons  is  limited  to  6. 

When  operating  in  hyperbolic  mode,  the  number  of  simultaneous  user  is  not  limited,  as  the  mobile 
equipment  is  then  purely  passive. 

In  a same  installation,  some  users  may  operate  in  the  range  mode,  while  others  operate  in  the 
hyperbolic  mode. 

The  cycle  of  transmission  and  reception  slots  in  synchronized  at  $ach  interrogator  and  beacon  by 
a synchronizing  pulse  which  is  sent  at  the  beginning  of  each  cycle  either  by  one  of  the  interrogator,  or  by 
one  of  the  shore  beacons  in  the  case  of  hyperbolic  operation. 


3.  3.  Frequency 

The  frequency  spectrum  of  the  pulse  has  a bandwidth  of  t 2 MHz.  A relatively  low  frequency  can 
so  be  used  for  the  carrier  wave. 

The  420  - 450  Megahertz  band  has  been  adopted.  This  band  is  officially  devoted  to  radiolocation. 
The  carrier  wave  is  0 -if  phase  modulated  by  the  bits  of  the  coded  pulse. 

A complete  SYLEDIS  installation  only  requires  one  frequency. 

In  the  same  area,  up  to  eight  chains  can  operate  simultaneously,  using  frequencies  differing  only 
by  5 kilohertz. 

Adjacent  SYLEDIS  chains  can  be  integrated  in  a single  unit  covering  long  distances  along  coasts, 
all  operating  on  the  same  frequency. 

3.4.  Propagation  - Range  - Stability 


Propagation  of  waves  in  the  concerned  frequency  band  is  now  fairly  known.  Results  of  investi- 
gation and  experience  have  been  gathered  by  K.  A.  NORTON  in  a publication  of  the  Bureau  of  Standard, 
so  that  they  are  easy  to  use,  and  allow  prediction  of  transmission  conditions,  and  choice  of  antenna  type 
and  elevation. 

Ground  wave  plays  the  leading  part  at  short  distance,  while  propagation  by  tropospheric  scatter 
is  preponderant  at  high  ranges. 

Near  the  horizon,  attenuation  is  proportional  first  to  — i then  to  1 . Then  diffusion  in 
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the  low  atmosphere,  and  farther,  tropospheric  scatter  take  place.  Beyond  the  horizon,  these  different 
waves  combine,  resulting  in  an  important  short  term  fading  effect.  A slow  fading  effect  due  to 
meteorologic  and  climatic  variations  is  also  observed. 

But  if  one  disposes  of  a system  capable  of  a high  power  reserve,  the  probability  of  establishing 
a transmission  is  high  enough  to  allow  the  use  of  this  type  of  propagation  in  a reliable  way  for  distances 
affording  sufficient  area  coverage. 

This  is  the  case  for  SYLEDIfi,  as  a consequence  of  the  high  power  reserve  afforded  by  techniques 
involved  in  the  system. 

Experience  of  daily  use  of  SYLEDIS  has  fully  confirmed  the  range  possibilities  as  deduced  from 
NORTON'S  survey. 

Ranges  currently  achieved  with  the  20  watts  peak  power  SYLEDIS  lie  between  two  and  three  times 
the  line  of  sight. 

Height  of  antennae  is  very  important  not  only  because  it  determines  the  line  of  sight  distance, 
but  also  it  favours  propagation  slightly  beyond  the  horizon.  Yet,  for  very  long  ranges,  height  of  antennae 
is  much  less  important,  and  distance  and  height  become  even  independant  one  from  each  other  (Fig.  2). 

Operation  is  possible  down  to  100  meters  of  a 20  watts  shore  beacon. 

Whenever  only  short  distances  are  involved,  transmitted  peak  power  of  SYLEDIS  stations  can  be 
reduced  to  100  milliwatts,  resulting  in  lower  drain  from  the  power  source,  and  reduction  of  the  risks  of 
interferences  with  other  radio  transmissions  in  the  area.  In  that  case,  operation  of  SYLEDIS  is  still 
possible  up  to  the  horizon.  For  instance,  if  the  elevation  of  the  antenna  is  10  meters  for  the  interrogator  and 
40  meters  for  the  shore  beacon,  a situation  easily  and  often  met  in  practice,  the  range  of  the  SYLEDIS 
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operating  on  100  mW  will  be  34  km.  This  is  a fairly  sufficient  coverage  for  most  of  harbour 
areas. 

As  an  example,  following  table  shows  results  of  stability  tests  conducted  in  spring  1975  by  the 
french  Hydrographic  Service  of  the  Navy. 

Three  beacons.  A,  B and  C,  were  installed  on  lighthouses  or  on  signal-stations  with  respective 
antenna  heights  84,  40  and  74  meters.  The  interrogator  antenna  was  erected  successively  at  elevations  11, 
22  and  61  meters. 


Beacon 

antenna  height 
(meters 

Interrogator 
antenna  height 
(meters) 

Line  of  sight 
(km) 

Distance 

(km) 

Ratio 

range/line  of  sight 

Accuracy 

Day 

O',  meters’ 
Night 

A 

11 

43.  70 

2.  33 

5.  62 

_ 

(84) 

22 

48.  50 

101.9 

2.  10 

4.  02 

4.  39 

61 

59.40 

1.  72 

3.28 

1.94 

B 

11 

33.74 

2.90 

6.69 

_ 

(40) 

22 

38.  55 

97.  8 

2.  54 

6.74 

6. 46 

61 

49.47 

1.98 

4.  06 

2.  09 

C 

u 

41.64 

1.  64 

2.59 

. 

(74) 

22 

46.46 

68.3 

1.47 

0.91 

0.90 

61 

57.  39 

1.  19 

1.48 

1.43 

Adopted  velocity  of  waves  299.  695  km/sec.  corresponds  to  a mean  refractive  index  at  the  surface 
of  the  sea  of  1.  000  325.  The  variation  of  the  index,  as  deduced  from  the  observed  pressure,  temperature 
and  hygrometry  during  the  experiments,  was  found  to  contribute  for  a maximum  error  of  + . 5 meters. 

Propagation  of  V H F waves  in  the  considered  frequency  band  is  not  influenced  by  soil  conductivity. 

Range  and  accuracy  are  in  no  way  deteriorated  whether  waves  travel  over  sea  or  fresh  water,  dry  or  humid 

land.  Repeatability  is  not  affected  by  climatic  or  meteorological  variations,  such  as  rain  and  snowfalls,  1 

frost,  seasonal  modification  of  salinity  of  estuaries,  etc. . . 

Contrarily  to  what  happens  with  systems  using  microwaves,  the  range  of  SYLEDIS  is  not  or  is 
only  slightly  reduced  by  the  presence  on  the  path  of  the  waves  of  obstacles  of  reasonable  siae,  such  as  dunes, 
dykes,  ships,  villages,  woods.  Line  of  sight  condition  is  not  at  all  a must.  ■! 

The  result  of  these  features  is  a high  grade  of  flexibility  for  the  system. 

Location  of  land  stations  can  be  selected  by  only  bearing  in  mind  the  best  coverage  of  the  'jj 

operation  area  from  the  point  of  view  of  the  geometrical  configuration  of  coordinate  patterns.  Beacons  can 
be  installed,  far  inland,  if  convenient,  and  elevated  points  such  as  hills,  towers,  tall  buildings  can  be 
used  to  increase  the  range  and  hence  the  covered  surface.  Coverage  of  estuaries,  rivers,  sinuous  accesses  J 

to  harbour  is  eased.  j 


An  example  of  such  an  implementation  of  the  SYLED18  system  is  displayed  by  the  ship  conning 
system  of  the  harbour  of  ANTIFER,  near  LE  HAVRE  in  FRANCE.  This  system  has  been  in  operation  since 
one  year.  ANTIFER  harbour  is  a newly  built  oil  harbour  intended  to  accomodate  large  tankers  up  to 
300.  000  tons.  The  total  length  of  the  access  channel  is  about  30  km.  Three  SYLEDIS  shore  stations  are 
set  up  on  shore.  They  are  received  on  board  the  ship  by  a transceiver  which  is  carried  by  the  pilot.  The 
instantaneous  position  of  the  ship  is  thus  determined  on  shore.  The  position  data  are  processed  by  a computer 
which  computes  parameters  : along  track  and  off  track  distances  of  the  ship  relative  to  the  channel  axis  and 
corresponding  speeds,  heading  and  rate  of  turn  when  two  transceivers  are  placed  on  the  ship.  These  data 
are  transmitted  in  digital  form  to  the  ship,  using  the  SYLEDIS  carrier  wave  according  to  a time  sharing 
arrangement  of  position  determination  and  parameter  transmission. 


The  parameter  values  are  displayed  on  a console  carried  by  the  pilot. 


Four  inbound  or  outbound  ships  can  be  simultaneously  accomodated.  An  unlimited  number  of 
other  ships,  e.  g.  service  ships,  can  receive  the  signals  from  the  SYLEDIS  shore  stations  and  use  the 
system  as  a hyperbolic  positioning  system. 


3. 4.  SYLED1S  equipment 

3.4.  1.  Shore _bea_con 

The  shore  station  is  composed  of  a beacon  unit  and  of  an  antenna. 

The  beacon  unit  is  contained  in  a waterproof  cabinet  weighing  15  kg.  Sizes  are  38  x 16  x 45  cm. 

Power  supply  requirement  is  11  to  14  volts,  or  22  to  30  volts  OC,  40  watts. 

Different  types  of  antenna  are  used  according  to  required  range.  Most  commonly  used  is  a mast 
carrying  four  vertical  folded  dipoles.  They  are  orientated  along  the  mast  either  for  omnidirectional 
radiation,  or  for  110“  directivity.  Length  and  overall  dimensions  of  the  antenna  are  respectively  160  cm 
and  17  cm.  For  short  ranges,  a single  dipole  is  used  contained  in  a rod  of  fibre  glass  80  cm  in  length  and 
2,  5 cm  in  diameter. 

MTBF  of  beacon  unit  is  4 000  hours. 

No  maintenance  is  required. 

3. 4.  2.  Jnterrogator_ 

The  interrogator  is  a single  drip  proof  unit  weighing  15  kg  - Sizes  are  50  x 22  x 40  cm. 

Power  supply  is  22  to  30  volts  DC,  5 Amps. 

Receiving  and  transmitting  circuits  of  the  interrogator  are  composed  of  the  same  modules  as 
those  of  the  beacon. 

Three  lines  of  7 LED's  display  three  ranges  in  hundredths  of  kilometers  to  decimeters,  or  three 
hyperbolic  LOP's. 

Ship  antenna  is  always  omnidirectional,  of  the  types  already  described  for  the  shore  beacon. 

MTBF  of  the  interrogator  is  1.200  hours. 

No  maintenance  is  required. 


4 - CONCLUSION 


While  keeping  the  advantages  of  range  and  accuracy  of  phase  comparison  and  pulse  systems, 
SYLEDIS  seems  to  eliminate  several  acute  problems  encountered  with  these  systems,  as  ambiguity, 
influence  of  soil  conductivity  and  sensitivity  to  obstacles. 

The  resulting  increase  in  flexibility  opens  the  way  to  a new  field  of  application,  as  the  coverage 
of  difficult  waterways  such  as  sinuous  rivers  and  estuaries,  a problem  to  which  ship  guiding  and  mine 
sweeping  are  often  faced.  Traditional  application  of  accurate  radiolocation  systems  are  also  solved  in  an 
easier  way  : geophysical  exploration,  plateform  positioning,  pipe  laying,  sounding  and  dredging  operations 
in  harbour  access  channels,  bottom  mapping,  etc.  . . 

The  fact  that  range  and  accuracy  are  not  degraded  on  land  opens  the  field  of  aeronautical  applica- 
tions as  airborne  surveys,  guiding  of  helicopters,  calibration  of  landing  systems. 
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Complete  SYLEDIS  Shore  Station  : 

- right  : the  beacon  unit. 

- left  : the  battery  power  supply. 
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Figure  4 - The  Interrogator. 


DISCUSSION 


C.Goutelard 

Je  sachaiterais  aborder  deux  points:  Tout  d’abord,  unc  question:  Pourquoi  rdpdtcr  40  fois  le  mSme  code  plutot  que 
d’utiliser  un  seul  code  qui  'oit  sans  effet  de  bond,  tel  qu’un  code  de  Gday?  Ensuite,  il  apparait  que  l’utilisation  de 
signaux  & spectres  etalds  est  une  solution  interessante  qui  peut,  dans  1’avenir  apporter  des  solutions  pratiques  compte 
tenu  des  moyens  que  1’on  possdde  desormais  avec  des  techniques  numdriques  de  traitement. 

Author’s  Reply 

Le  code  utilise  l’a  etd  parce  qu’il  permet  un  traitement  et  une  generation  simple  et  compatible  avec  1’economie 
recherchei  dans  la  realisation  du  systeme. 

The  indicated  code  has  been  adopted  because  it  allows  simple  and  easy  generation  and  processing,  which  is 
compatible  with  the  simplicity  and  low  cost  required  for  the  considered  positioning  system. 


A.Shuval,  National  Commitee  for  Space  Research,  Radio  Observatory,  P.O.B.  4655,  Haifa,  Israel 
What  is  the  bandwidth  of  the  transmitted  pulse? 

Author’s  Reply 

The  bandwidth  of  the  transmitted  pulse  is  ±2  MHz. 


APPLICATIONS  OF  THE  DOPPLER  TECHNIQUE 


AS  AN  AID  TO  EEARING  MEASUREMENT 


T.B.  Jones  and  C.T.  Spraeklen 
Physics  Department 
University  of  Leicester,  U.K. 


SUMtABI 


It  is  now  possible  to  design  H.F.  direction  finders  with  an  instrumental  accuracy  of  better  than  0.1 
degrees  standard  deviation.  Unfortunately,  this  high  accuracy  cannot  be  realised  in  practice  because  of 
the  perturbations  and  tilts  which  are  present  in  the  reflecting  medium.  These  allow  signals  to  be 
received  in  off  great-circle  path  directions  and  consequently  an  error  is  produced  in  the  measured  bearing. 
Particularly  troublesome  sources  of  errors  are  the  so-called  travelling  ionospheric  disturbances  (TID’s). 

As  the  disturbances  propagate,  they  produce  changes  in  the  reflection  point  of  the  signals  and 
consequently  a small  "Doppler-like"  frequency  change  occurs  in  the  reflected  wave.  A Doppler  system  is 
described  which  provides  an  indication  of  the  presence,  pr  absence,  of  TID’s  even  when  a short -duration 
nonfrequency  stable  transmission  is  monitored.  Thus,  a good/bad  bearing  indication  can  be  given  and  some 
assessment  of  the  likely  variances  in  the  measured  bearing  predicted.  When  more  than  one  propagation  mode 
is  present  multiple  frequency  smfts  are  oDservea  in  the  received  signal.  These  are  easily  identified 
and  the  system  is  an  efficient  monitor  of  multimode  conditions. 

The  application  of  this  Doppler  technique  has  led  to  an  JLiqprovement  in  the  performance  of  a wide 
dpertftre  JJjKaMiot  .fflOTedVe*,  1!  is  poes4A4a  to  ■ te  E ipw 'a.'  rtstidljObe  true  toe  Obpflnr 

observations . 


1 . INTRODUCTION 

Wide  aperture  direction  finding  systems  (WADF)  can  now  be  constructed  with  instrumental  errors  such 
that  the  standard  deviation  of  the  error  curve,  taken  over  all  azimuths  and  a 2 octave  frequency  range,  is 
as  low  as  0.1  degrees.  The  instrumental  errors  are  usually  measured  by  radiating  signals,  either  from  a 
neiicopter  within  line  of  sight,,  or  from  a vehicle-borne  mobile  transmitter  within  ground  tflt.e  rauge. 

When  measuring  the  azimuths  of  ionospherically  propagated  signals,  however,  the  accuracy  of  the  system  is 
found  to  be  considerably  less  than  that  obtained  for  ground  wave  signals  and  a typical  figure  for  the 
variance  would  be  2 to  1*  degrees  squared  depending  on  the  range , Following  the  early  pioneering  work  of 
Bramley  and  Ross  using  interforometer  DF  systems  (ROSS,  1 9U7 ; BRAMLEY,  1951,  1953,  1955)»  the  most 
significant  sources  of  error  have  now  been  identified  (WHALE,  1 959) . These  are  the  solar-related  lateral 
tilts  of  the  ionosphere  (LAT's)  and  the  perturbations  of  the  ionosphere  which  have  become  known  as 
travelling  ionospheric  disturbances  (TID's)  and  are  almost  certainly  due  to  acoustic -gravity  waves 
(HINES,  1959a,b,  I960,  1965;  CAMPBELL  and  TOUNG,  1963;  TOLSTOI,  1963;  W1CKERSHAM,  1965).  The  errors  in 
WADF  due  to  both  these  causes  have  over  the  last  few  years  been  measured  in  detail  and,  in  general,  one- 
third  of  the  variance  can  be  attributed  to  LAT's,  or  SIT's  (systematic  ionospheric  tilts)  as  they  are 
sometimes  called,  and  about  two-thirds  to  TID's.  This  ratio  is,  however,  very  variable  depending  on  the 
state  of  the  ionosphere,  the  azimuth  of  the  arriving  waves,  the  time  of  day,  the  season  and  the  geophysical 
conditions.  On  some  occasions  most  of  the  variance  is  due  to  TID's  whilst  on  others  the  errors  due  to 
SIT's  are  predominant.  Because  TID's  are  normally  the  greatest  source  of  DF  error,  recant  HFDF  work  has 
been  concentrated  mainly  in  studying  TID’s  and  on  devising  schemes  to  overcome  TID-induced  bearing  errors. 
It  is  difficult  to  predict  either  the  magnitude  or  the  time  of  occurrence  of  a TID  and  efforts  have  there- 
fore been  concentrated  on  detecting  these  irregularities  by  experimental  procedures. 

A system  is  described  for  detecting  ionospheric  disturbances  by  means  of  the  small  Doppler  frequency 
shifts  they  produce  in  the  received  HF  signal.  The  distortions  of  the  iso-ionic  contours  associated  with 
these  events  allow  off  great-circle  path  propagation  and  hence  incorrect  bearings  are  recorded  by  the 
direction  finder.  The  system  described  can  establish  the  presence  or  absence  of  TID's  and  hence  the 
probability  that  bearing  errors  are  present.  This  can  be  achieved  even  when  the  signal  is  available  for 
only  a short  duration  (20  sec),  is  modulated  and  originates  from  a transmitter  whose  frequency  is  unstable . 


2.  EXPERIMENTAL  ARRANGEMENT 

Three  Doppler  receivers,  R1,  R2  and  R3,  are  spiced  around  the  direction  finder  as  indicated  in 
Fig.  1 . A large  spacing  between  receivers  was  used  initially  but  this  was  later  reduced  and  the  smaller 
triangle  produced  the  better  indication  of  TID  activity.  The  difference  in  the  frequencies  recorded  at 
each  pair  of  receivers  is  measured,  thus  providing  "difference  Doppler"  frequency.  The  frequency 
difference  between  the  local  standard  and  the  received  signal  is  measured  at  each  receiving  site  and  the 
local  standards  are  adjusted  so  that  frequency  differences  of  fs  - 1*3  Hz,  fs  - 1(6  Hz  and  fj  “ $2  Hz  are 
obtained  at  R1,  R2  and  R3,  respectively,  when  no  TID's  are  present.  These  Doppler  frequencies  are 
relayed  to  the  central  DF  site  for  comparison.  The  Doppler  frequencies  from  each  pair  of  receiving  sites 
were  compared  to  produce  the  "difference  Doppler"  frequencies  (fj  - fs ) , (1«  - fs)  and  (fs  -fi).  The  three 
frequencies  are  combined  to  form  one  signal  which  was  recorded  by  an  FM  tape  recorder  and  alr o fed 
dJuecoiy  to  tht  Spectrum  analyser  for  real  time  display.  Tc&  coflqaiute  system  is  btiow.i  dlagrsniB&ticAlly 
in  Fig.  2. 
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Before  starting  the  experiment  the  synthesisers  used  to  provide  the  local  standards  at  R1 , R2  and  R3 
were  carefully  cc  spared  so  that  their  frequency  standards  were  identical  within  the  frequency  resolution 
of  the  measuring  system  (0.01  Hz).  In  this  way  the  true  offset  at  each  receiver  for  any  nominal  frequency 
was  known  accurately.  Conditions  of  zero  Doppler  shift,  i.e.  no  TID  activity,  can  be  recognised  because  the 
spectrum  of  the  combined  signal  will  consist  of  the  preset  frequency  differences  (3,  6 and  9 Hz)  and  these 
are  easily  identified.  When  travelling  ionospheric  disturbances  (TID's)  are  present,  the  frequency  of  the 
aigistlo  rfaeoiwd  at  the  three  Ijctdiocs  wild  Hide*  and  , % and  & iron  tikU-  occin.' 

values.  The  magnitude  of  the  change  depends  on  the  characteristics  of  the  TID  and  also  on  the  spacing 
between  the  receiving  sites. 


3 DETECTION  OF  TID  ACTIVE  AND  MULTIMODE  CONDITIONS 

The  frequency  spectrum  of  the  combined  signal  is  expected  to  consist  of  three  single  valued  peaks 
located  at  the  three  difference  frequencies  (3,  6 and  9 Hz)  if  no  Doppler  shifts  due  to  TID's  are  present. 
These  conditions  are  illustrated  in  Fig.  3 in  which  spectra  obtained  at  consecutive  1 min  intervals  have 
been  overlaid  to  produce  a three-dimensional  plot.  Single  valued  peaks  are  produced  at  the  expected 
frequencies  and  these  show  little  frequency  deviation  as  time  progresses.  Fig.  i*  is  a similar  plot  for 
TID  active  conditions  and  although  the  frequency  peaks  are  still  single  value  their  position  on  the 
frequency  axis  varies  as  time  progresses.  This  change  in  the  difference  frequencies  arises  because  the 
TID  produces  different  rates  of  change  in  the  reflection  heights  of  the  signals  received  at  HI,  R2  and  R3. 

The  presence  of  multimode  propagation  can  also  be  detected  since  the  reflection  point  of  each  mode 
will  in  general  be  displaced  differently  by  the  passage  of  the  TID.  Thus,  in  place  of  a single  peak  at  a 
particular  difference  frequency,  the  spectrum  is  likely  to  contain  more  than  one  frequency  component 
depending  on  the  number  of  modes  involved.  This  situation  is  illustrated  in  Fig.  5 , where  the  single 
spectral  peak  due  to  the  dominant  mode  becomes  progressively  multi-valued  as  other  inodes  are  received. 

It  should  be  noted  thst  the  various  spectral  peaks  do  not  necessarily  correspond  to  actual  modas  since 
frequency  differences  are  being  examined.  Thus,  if  two  modes  are  received  at  R1  and  at  R2,  up  to  four 
"difference  frequencies"  can  occur  and  four  peaks  might  be  present  in  the  vicinity  of  (fj  -fa).  The 
number  of  peaks  obtained  will  depend  on  the  relative  amplitude  of  the  component  modes. 

A simpler  presentation  of  the  data  is  obtained  by  suppressing  the  amplitude  information  and  displaying 
only  the  frequency  variations  as  a function  of  time.  This  has  been  done  in  Figs.  6,  7 and  8.  Stable 
propagation  conditions  with  no  evidence  of  TID  activity  are  illustrated  in  Fig.  6.  ThiB  probably 
corresponds  to  Ea  propagation  but  this  could  not  be  confirmed  since  oblique  ionograms  were  not  available 
over  the  path.  Spectra  for  a TID  active  situation  are  reproduced  in  Fig.  7 and  typical  oscillations  with 
periods  of  about  20  mins  are  evident.  An  example  of  multimode  conditions  is  reproduced  in  Fig.  8. 

Multiple  frequency  components  occur  in  each  of  the  difference  frequencies  and  in  these  circumstances  low 
figures  of  merit  are  associated  with  the  bearing  measurements. 

Both  presentations  illustrate  that  TID  active  periods  and  multimode  conditions  can  be  detected  by  the 
"difference  Doppler"  method,  even  when  the  signals  are  available  for  only  one  or  two  scans  of  the  frequency 
spectrum.  in-  time  for  one  sow.  Is  so  sb-a. 


u.  nlFFbtUiuticb  rTuE^ObnoiEo  ju«u  oiAfuAu  btuesn 

The  difference  frequency  experiments  were  designed  to  detect  the  presence  or  absence  of  TID's.  No 
attempt  ha3  been  made  at  bearing  correction  since  this  required  integration  of  the  signal  (JONES  and  SPRACKLEN, 
1975)*  Nevertheless,  it  is  of  considerable  interest  to  compare  the  'difference  Doppler'  results  with 
the  measured  bearings.  To  aid  this  comparison,  the  deviation  of  each  'difference  Doppler'  frequency  from 
its  nominal  value  has  been  measured  and  the  modulus  of  each  of  the  three  values  added  together  to  give  a 
Doppler  index  E Af  ■ 0.  When  TID's  produce  rapid  changes  in  the  ionosphere  large  values  of  2 Af  will  be 
recorded.  A further  refinement  was  introduced  by  multiplying  each  'difference  Doppler'  by  the  sine  of  the 
angle  which  the  line  joining  the  two  receiving  sites  makes  with  the  transmitter  direction.  This  angle  is 
obtained  with  sufficient  accuracy  from  the  direction  finder.  In  this  way  emphasis  is  given  to  TID's 
moving  at  right  angles  to  the  propagation  path  since  these  produce  the  maximum  bearing  error. 

Data  for  quiet  conditions,  when  no  TID's  are  present,  are  reproduced  in  Fig.  9.  The  bearing 
measurements  indicate  little  error  and  no  fluctuations  are  evident.  The  three  difference  Doppler 
frequencies  are  all  vary  close  to  their  nominal  offset  values  and  no  multiple  frequency  peaks  are  present, 
thus  the  index  Z Af  is  approximately  zero  for  this  period.  In  these  circumstances  it  would  be  easy  to 
conclude  from  the  Doppler  index  that  no  TID  activity  was  present  and  that  good  quality  bearings  would  be 
obtained. 

Data  for  two  TID  active  periods  are  reproduced  in  Figs.  10  and  11.  Well-defined  20  min  oscillations 
are  noted  in  the  bearing  and  errors  of  up  to  2 degrees  are  recorded.  EAf  is  non-zero  and  takas  on  very- 
large  values  when  the  bearing  changes  rapidly.  Since  the  magnitude  of  EAf  is  proportional  to  the  rate  of 
change  of  the  ionospheric  reflection  levels,  it  might  be  expected  that  a maximum  frequency  deviation  would 
correspond  to  a maximum  rate  of  change  in  tne  ionosphere  tilt  and  hence  to  a period  of  rapid  change  in 
bearing  error.  This  effect  is  evident  in  the  data  reproduced  in  both  Figs.  10  and  11. 


5.  CONCLUSIONS 

Conditions  when  TID's  are  absent  ('good'  bearings)  and  when  TID's  are  active  ('bad'  bearings)  can  be 
recognised  by  the  difference  Doppler  technique  with  some  confidence.  This  can  be  achieved  with  a non- 
frequency  stable  transmitter  radiating  modulated  signals  for  a time  of  less  than  1 min.  It  is  not  possible 
+.n  » hBP-tAg  ■r.'-maltlj*  v'lU  G goadAed  Kl*'«AicVl  Ufc  te  oU&lfKd*  lor*  iiCflWiltp  aHLsW  In 


establishing  the  magnitude  of  the  frequency  change  necessary  to  declare  a bearing  'bad'  and  further 
studies  are  being  undertaken  in  an  attempt  to  resolve  this  problem.  The  behaviour  of  the  bearing  error 
during  multimode  conditions  is  also  being  investigated. 


REFERENCES 

BRAMLET,  E.N.,  1953,  "Direction  finding  studies  of  large  scale  ionospheric  irregularities",  Proc.  R.  Soc. 
220,  p.39. 

BRAMLET,  E.N.,  1955,  "Some  comparative  directional  measurements  on  short  radio  waves  over  different 
transmission  paths",  Proc.  LEE  102,  p.5 1*1*. 

BRAMLET,  E.N.  and  BOSS,  W.,  1 51 , "Measurements  of  the  direction  of  arrival  of  short  radio  waves  reflected 
from  the  ionosphere",  Proc.  R.  Soc.  207,  p.252. 

CAMPBELL,  W.H.  and  TOONG,  J.M.,  1963,  "Auroral  zone  observations  of  infrasonic  pressure  waves  related  to 
ionospheric  disturbances  and  geomagnetic  activity",  J.  Geophys.  Res.  68,  p.5909. 

HINES,  C.O.,  1959a,  "Motions  in  the  ionosphere",  Proc.  Inst.  Radio  Engrs.  i+7,  p.1?6. 

HINES,  C.O.,  1959b,  "An  interpretation  of  certain  ionospheric  motions  in  terms  of  atmospheric  waves", 

J.  Geophys.  Res.  61^,  p.2210. 

HINES,  C.O.,  I960,  "Internal  atmospheric  gravity  waves  at  ionospheric  heights",  Can.  J.  Phys.  38,  p.lldil . 

HINES,  C.O.,  1965,  "Motions  in  the  neutral  atmosphere".  In  Physics  of  the  Earth's  Upper  Atmosphere, 

C.O.  Hines,  I.  Paghis,  T.R.  Hartz  and  J.A.  Fejer  (Eds.),  Chapter  6,  Prentice-Hall,  New  Jersey. 

JONES,  T.B.  and  SPRACKLEN,  C.T.,  1975,  "The  correction  of  errors  produced  in  H.F.  direction  finders  by 
travelling  ionospheric  disturbances",  Proc.  Agard  Conf.  on  Radio  Systems  and  the  Ionosphere, 

No.  173,  Ref.  3iw 

ROSS,  W.,  19U7,  "Fundamental  problems  in  radio  direction  finding  at  H.F.",  Proc.  IEE  9h,  Pt.  IIIA,  p.l5U. 

T0LST0T,  I.,  1963,  "The  theory  of  waves  in  stratified  fluids  including  the  effects  of  gravity  and 
rotation".  Rev.  Mod.  Phys.  35,  p.207. 

WHALE,  A.H.,  1959,  "Effects  of  ionospheric  irregularities  and  the  auroral  zone  on  the  bearings  of  short- 
wave radio  signals",  J.  Atmos.  Terr.  Phys.  13,  p.258. 

WICKERSHAM,  A.F.,  1965,  "Comparison  of  velocity  distributions  for  acoustic  gravity  waves  and  travelling 
ionospheric  disturbances",  J.  Geophys.  Res.  70,  p. 1*875. 


uj 

05 


O' 


CSjN^UNvOI'»»CT'0«HC\jrO  -tir.vDr^cOO'OrHCNJfO^ 


w W>WVV 

OOOOOOOOOOOCOOOOOOOOOOO 


*-« 

aaaaaaaaaaaa  ao.aac.aa.aaaa 

HHHHHHHMHHHHHHMHHHHWHHH 

h- 

mm 

V 

OOQQOOOaOOQQDOOQQOOCOQQ 

00 

co  00 

z 

zz 

a 

onoo»v>->->- 

a 

OJSou>-y>->-»-  xv>- 

m 

> 

>- 

Cjl 

a 

<x 

♦ 

(X 

X 

> 

> 

CD 

»- 

<i 

c 

H- 

>- 

fy 

a 

_l 

o 

♦ 

a 

or 

a 

«a 

rl 

a 

+ 

a 

in 

> 

• 

a 

-t 

•> 

Uu 

K 

111 

z 

a 

05 

*- 

Q 

-J 

L- 

> 

<1 

o 

U.iUJZUJU  U-JJUiUJU  U.LUxJUJUUiJ 

lx. 

» 

a 

ctt/mo  ryu  a a rvra:tvo  cxry rviy 

X 

o 

a 

O 

a 

cv 

M 

> 

«— 

W 

a 

X 

» 

o m 1 a a m i 

a 

X 

waai-aaai- 

M 

9 

> 

u 

r 

»-aa  aa*-*-z  ii 

1/ 

*■ 

c* 

H 

X 

♦ 

a a w a a a a a a a a oo  h :r  > >- 

00 

—o  a 

— . 

a 

ina  a—— 

<r 

«->-0  en£ 

(01 

a 

ravo- 

* 

K 

3 -a 4i 

* 

Z 

ox  •-*- 

o 

«X 

r 

r 

cvia  a 

o 

0-0  c. 

UJ 

in 

wav 

(M 

o 

a •■Q- 

* u 

V 

<i 

MX  •■•*■‘•(01 

* N 

X 

a 

(vjaa.  c.’-' 

Xfo 

f- 

m 

K>a  mx 

M* 

00 

naa- 

~CO* 

o 

rl 

a •■vccyx 

— O*- 

o 

II 

->•  a ht  u 

(\JO- 

* 

M 

>m  + - »~o 

M 

H 

T 

a 

javivaa 

ar  •*-’ 

H 

H 

o 

o on  x«**h 

*-  i in 

X 

or 

~Z 

a \c>3ii.'C 

— CNJ4-  V 

M 

a 

V 

■HM 

mmx 

cvjo  *a' 

wish 

— CO 

aoo  a «o 

•HHT 

omcvmm 

f^oo^riMO  K-f0i0,*-l'0(\)inC*Jin«H 
C\i  (VJM 


rvO.  -*■1x1  ii  nCL'-t-  U7>>>-N  v > 
IUO>-»-vOO>-  V'-’-’MCV-X*  HM4  >->-♦ 
rov>-'-ZQi5zra''tftiHM  • • •*  ♦ • 
hssQ  o'hio«M*HCJJiJ£k>-*  rororotn  »ro 
m •>  _j  rr  cococo -~u*  him  •ro  i 
3Z7KZ<1 IMI  II  K «H  II  II  II  II  » II  7r 
OOOa.O>  >TIiT'r*  CM  fVMiyK  II  Tir'Z 

o ii  a aa  a ct  kxui 


z 

c 


U.I 

a 


00 

z s 

IJVOVVVW>  j» 
JJVOWVVVVs  JVV 


>- 

l!> 


(y 

< 


OvDvD 

-tro 


> 

ty 

DCDCD 

«i 

o 

Uia> 

V 

CD 

■O 

< 

M 

0' 

-1 

(V 

00 

«* 

05  rH 

aixzvm-hzwu.'  m k ii  ia'nvi-aah 

X 

Dooa  oc«izhoujti  h ni-vvy-wyiii 

111 

M 

V 

oooo  cOLijQuwoKhvvvaaaaa  o o- 

O 

lT 

05  T 

M 

z 

UJ 

UJ 

ZM 

o 

III 

1(1  (0 

a 

KOSvCiH 

UJ05 

a 

a 

a jj  jujj  jjjj  jjjjjjj 

>_J 

M -H 

H 

-IZ 

M 

ii 

>-  «*  <1  <1 M *4  <I<t  «I<  <1  «J  <t  <X  <1  <1 

K <r 

05 

-t 

'il 

n 

U- 

MUJI(li  UZlilUII.il  UtiJIiUiJllllilUJUIIil 

in 

Z 

Z^l 

iij 

<y  a a m a <y  cy  a ry  cy  o:  cy  y a o' 

nr 

l.l 

o 

u 

cy 

_J 

T 7 

z 

z 

t jro 

m 

o 

CO 

mot 

m 

HH 

oor.^r 

o 

-1 

> 

a 

CO 

z o 

o 

o 

CO  _J 

xx  xcy  ai-ry  rr 

Vi- 

iiiroo 

Q 

a: 

1-0 

kk  xviaacyciaa  r 

deo 

-JUi 

in 

r 

zo 

coy  ooa  aa  rvrx i-  »y 

z 

OZ  V 

io  jy 

o 

> 

MM 

ooo<r iOH>-yvyv>-  uj  o' 

COM 

jo> 

criuz 

to 

(O 

oo 

uiouJii.raaaaaaaaKX>->- 

JCO 

mo>-\x 

M<ra5<i 

m u»  o in  o 

a 

-i 

« 

M0L«a  — l 

rl  rl  W 

CO 

z 

z 

1005 -J  CD 

« ro  4^  w oco  vDCook  cvjo  ^ « mun 

a 

o 

MO 

a 

MinMCVJ  W -H  M lf>w 

UJ 

X 

Karr 

M 

oc  r> 

H 

r 

caoo 

Z 

X 

o 

M 

UJ 

> 

UJ 

o 

(0 

0 X M 


LEICESTER 


R1  - Hereford 
R2- Bicester 
R3-  Shaftsbury 


RV- Cheltenham 
R2- Bicester 
RJ-Blakehill 


Fig.  1 Location  of  receiving  sites  in  ‘difference  Doppler’  experiment.  The  large  triangle  Rl,  R2,  R3 
was  used  initially  but  the  separation  was  later  reduced  by  using  R,'  R2  and  R3'.  DF  is  the  direction  finder 
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Fig.2  Block  diagram  of  difference  Doppler  experiment 


FREQUENCY (Hz) 


DIFFERENCE  DOPPLER  12  NOY  75  1522-WQ  GMT 

MULTI  MOOE  CONDITIONS  9-535  MHz.  BEROMUNSTER 

Fig. 5 Frequency  spectra  showing  variation  of  ‘difference’  frequencies  with  time. 
Multimode  conditions  - frequency  deviations  and  multiple  frequency  peaks  present 
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Fig.6  Time  variation  of  ‘difference’  frequencies.  Quiet  conditions  - no  TIDs 
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DISCUSSION 


R.H.Doherty,  CRPLj,  P.O.Box  1056,  Boulder,  Colorado  80306,  USA 

In  view  of  your  experiences  in  direction  finding  systems  and  also  in  LF  and  VLF  phase  monitoring  systems  and  in 
view  of  the  fact  that  Russian  LORAN  C transmitters  exist,  but  with  no  accurate  locations  given,  how  well  do  you 
think  we  could  locate  these  stations,  particularly  if  sky  wave  signals  only  were  to  be  used? 

Author's  Reply 

It  is  not  possible  at  this  time  to  give  a definite  answer  to  your  question  except  that  we  probably  have  the  under- 
standing and  the  technical  expertise  to  solve  this  problem.  I think  that  this  would  be  a fruitful  area  for  further 
research. 


C.Goutelard 

L’expos£  du  Docteur  T.B.Jones  est  tres  interessant  et  m‘a  tout  particulierement  captive  car  utilisant  une  methode 
wuudiji  paJ  fetroJifhwon  w Uii*  snltftfie  .rkirittbk  rtcua  Ifotwcn*  kt  mimw  phArKwInW  lui,  ixAun- 
ment  sur  les  frequences  doppler.  Cependent,  les  perturbations  ionosphlriques  agissent  comme  des  lampes  placies 
dans  l’ionosphere  et  agissent  sur  l’amplitude.  L’utilisation  de  l’amplitude  s’est  averse,  pour  nous  tr6s  difficile.  Le 
Docteur  T.B.Jones  peut-il  nous  dire  s’il  l’a  fait  et  le  cas  echeant  comment  il  a procede. 

Author’s  Reply 

The  Doppler  frequency  changes  are  accompanied  by  amplitude  variations.  We  have  not  made  a detailed  study  of 
ItwM  since  lh«y  uv  wry  hxnpIktitKl  pfwnoAwna  and  inter  tUffirU-1  v than  Itw  bsqMwy  dungm.  41  is 

perhaps  worth  noting  that  amplitude  changes  can  be  produced  by  mechanisms  other  than  TIDs  which  are  the 
principal  objective  of  our  study. 


H.Sokher,  US  Army  Electronics  Command,  Port  Monmouth,  NJ  07703,  USA 
Is  the  propagation  mode  nearly  vertical  in  your  observation? 

Are  you  concerned  with  actually  locating  an  unknown  transmitter?  In  such  case  you  need  bearing  and  elevation 
which  necessitates  a sounding  system! 

Author's  Reply 

No,  the  Doppler  observations  are  made  on  the  signals  received  from  the  distant  transmitters  whose  position  is  being 
determined  by  the  direction  finders.  This  means  that  no  sounding  of  the  ionosphere  is  necessary  and  the  technique 
is  entirely  ‘passive’.  We  are  not  concerned  with  locating  the  unknown  transmitter  by  means  of  the  Doppler  method 
but  in  assessing  the  quality  of  the  measurements  obtained  on  a wide  aperture  DF  system. 


POSITION-FINDING  OF  FIXED  HF-TRANSM I TTERS  BY  MEANS  OF  TRAVELING  IONOSPHERIC  STRUCTURES 


J.  RCttger 

Max-Pianck-lnstltut  fUr  Aeronomie 
D— 341 1 Katlenburg-Llndau  3,  F.R.G. 


SUMMARY 


An  Inversion  method  Is  described  which  represents  an  alternative  approach  to  the  common  direction- 
finding systems  to  determine  the  unknown  position  of  a remote  transmitter  under  sky-wave  conditions.  The 
technique  bases  on  the  measurement  of  signal  parameters  which  are  Influenced  by  the  reflection  at  travel- 
ing ionospheric  structures,  and  evidently  makes  use  of  a fact  considered  to  Introduce  errors  In  common 
direction-finding  techniques. 

It  Is  assumed  that  the  parameters  of  a traveling  ionospheric  structure  or  disturbance,  like  velocity 
and  azimuth  of  propagation,  are  deduced  by  a measurement  of  the  Doppler  shift  using  a known  array  of 
three  transmitters  and  one  common  receiver.  The  cross-correlation  of  the  signals  of  the  known  array  with 
the  unknown  signal  yields  the  position  of  the  unknown  transmitter  by  applying  some  geometrical  calcula- 
tions. The  basic  method  to  evaluate  the  signal  variations  by  means  of  the  cross-correlation  and  cross- 
spectrum  technique  Is  described.  Calculations  basing  on  appropriate  models  of  traveling  ionospheric 
structures  are  carried  out  to  prove  the  applicability  of  the  Introduced  method.  Some  Implications  on  the 
accuracy  and  reliability  of  the  position  determination  are  considered. 

1.  INTRODUCTION 

HF-CW-Doppler  arrays  are  commonly  In  use  to  Investigate  the  amplitude,  velocity  ana  propagation 
direction  as  well  as  the  wavelength  of  traveling  ionospheric  disturbances  (TIDs)  (e.g.  DAVIES  and  BAKER, 
1966;  DAVIES  and  JONES,  1972;  HERRON,  1973).  In  these  experiments,  mostly  three  transmitters  at  the 
corners  of  a triangle  at  a distance  of  up  to  100  km  are  used  to  transmit  highly  frequency-stable  HF-CW 
signals.  After  reflection  at  the  ionosphere,  the  signals  are  recorded  at  a common  receiving  station  In 
the  centre  of  the  triangle.  From  the  Doppler  shift  of  the  three  signals,  the  vertical  velocity  of  the 
Ionospheric  reflection  areas  is  calculated.  By  means  of  evaluating  the  time  delay  between  the  Doppler 
tfmwiwrij  the  skoals,  Th*  glorify  vocW  tod  ff*S  ol  ft*  ULv 

propagating  through  the  network  can  be  deduced. 

Another  kind  of  experiments  are  the  Ionospheric  drift  measurements  making  use  of  the  spaced  receiver 
technique  (KENT  and  WRIGHT,  1968).  The  method  bases  on  the  principle  that  one  measures  the  interference 
pattern  of  a source  signal  reflected  at  drifting  Ionospheric  Irregularities.  From  this  pattern  the  para- 
meters of  the  Irregularities  are  obtained. 

While  in  these  commonly  applied  experiments  the  locations  of  the  transmitters  and  the  receiver  are 
known  whereas  the  parameters  of  the  TIDs  or  the  velocities  of  drifting  Irregularities  are  to  be  deduced, 
an  Inverted  system  can  be  used  to  find  the  location  of  a transmitter  If  the  TID  or  drift  parameters  are 
known,  e.g.  by  means  of  a separate  measurement.  This  method  makes  use  cl  the  Influence  of  the  time-varying 
propagation  medium  which  commonly  Is  regarded  as  a disadvantage  of  direction-finding  systems  where  Iono- 
spheric variations  cause  a considerable  error  In  the  position  determination  (e.g.  GEORGE,  1972;  MORGAN, 

1972;  JONES  and  SPRACKLEN,  1976). 

Suppose  we  have  measured  the  horizontal  velocity  vector  of  traveling  Ionospheric  structures  (e.g. 
drifting  irregularities  or  TIDs)  In  the  lonosphere  which  Influence  the  phase  path  of  a reflected  signal, 
and  provide  that  the  coherence  length  of  these  structures  Is  larger  than  the  dimensions  of  the  position- 
finding network  consisting  of  three  transmitters  and  one  central  receiver.  A signal  of  a fourth  transmitter 
with  unknown  position  which  Is  received  at  the  common  receiving  station  will  also  be  Influenced  due  to  the 
traveling  Ionospheric  structures  (TISs)  like  the  signals  of  the  known  transmitters.  By  measuring  the  time 
shift  (by  means  of  cross-correlation  or  cross-spectrum  techniques)  between  the  signal  variations  of  the 
three  known  and  the  one  unknown  transmitter,  one  can  deduce  the  horizontal  propagation  direction  of  the 
TISs  and  the  position  of  the  unknown  transmitter. 

The  Introduced  system  for  position  finding  under  sky-wave  conditions,  which  Is  described  In  this 
paper,  bases  on  a rather  different  principle  than  the  commonly  used  direction-finding  systems.  The  method 
simply  evaluates  the  Image  of  a transmitting  source  reflected  at  a distorted  twe -dimensional  mirror  (l.e. 
the  reflecting  lonosphere  disturbed  by  traveling  Ionospheric  structures).  Sines  the  time-varying  distortion 
of  the  reflector  Is  known  by  a measurement,  the  source  can  be  located  by  a cross-correlation  or  cross- 
spectrum analysis.  In  this  paper,  we  present  the  basic  features  of  this  method  by  applying  a model  Intro- 
ducing traveling  Ionospheric  structures  or  disturbances  to  calculate  the  signal  distortions  from  which 
then  the  original  data  are  reconstructed.  The  dependence  on  the  signal-to-nolse  ratio  as  well  as  some 
conditions  to  minimize  the  error  sources  are  outlined. 

2.  BASIC  EQUATIONS  TO  CALCULATE  THE  POSITION  OF  AN  UNKNOWN  TRANSMITTER 

The  HF-CW-Doppler  technique  makes  use  of  frequency  variations  Introducec  by  a time-  end  space-vary- 
ing reflector  of  radio  waves  which,  In  the  case  of  HF  sky-wave  propagation,  Is  the  lonosphere.  From  the 
measured  Doppler  shift  of  the  CW  signal  the  time  end  space  variations  of  the  reflector  can  be  reconstructed 
and  an  inversion  method  can  be  applied  to  reconstruct  the  observational  network. 

In  an  array  of  four  tra  smltters  TXO,  TX1,  TX2  and  TX3  (see  Fig.  1)  and  one  common  receiving  station 
kx,  we  Tina  tne  projection  of  tne  sky-wave  propagation  perns  Tn  tne  horizontal  x-y  piane  rnoit_8TBtr  ty  the 


straight  lines  TXO-RX,  TX1-RX,  TX2-RX  and  TX3-RX.  The  projection  of  the  Ionospheric  reflection  points  Is 
given  by  the  circles  number  0,1,2  and  3,  assuming  simply  one-hop  Ionospheric  propagation  without  ray-path 
unsymmetries  due  to  horizontal  electron  density  gradients  of  the  background  Ionosphere.  It  Is  furthermore 
Implied  that  all  four  transmitters  operate  at  approximately  the  same  frequency  so  that  the  Ionospheric 
Influence  is  comparable  on  all  propagation  paths. 

Suppose  two  characteristic  structures,  e.g.  stretched  sporadlc-E  clouds,  propagate  through  this 

Brvof . TT»  morning  *<TrwteyB«  oftortor*  tr  U-lnu'M  Tf®  Copier  +Brtn,neB 

are  characterized  by  their  horizontal  velocity  component  vj  and  the  propagation  of  azimuth  aj.  The  Index 
j - 1,2  shall  oeflne  two  different  traveling  lonosphei  i<_  structures  TIS  1 ai.d  TIS2.  When  these  structures 
move  through  the  network,  we  will  observe  them  passing  the  different  reflection  points  at  different  times  t. 
we,  tor  instance,  will  first  oDserve  TlS  I passing  through  reflecrton  point  O af  the  time  tgj . Somewhat 
later  It  passes  point  3.  At  the  time  tu  It  will  be  at  reflection  point  1 between  TX1  and  RX,  and  finally 
at  point  2.  A similar  picture  will  be  observed  when  TIS 2 moves  through  the  system.  If  we  assume  that  the 
shape,  velocity  and  azimuth  of  the  TISs  do  not  change  during  an  observational  time  Interval,  we  measure 
the  time  differences  tj  (j  * 1,2)  when  the  two  TISs  are  observed  at  points  2 and  3 with  respect  to  point  0, 
and  find  from  the  basic  formula 


vt«  xsina*y  cos  a 

the  azimuths  <*j  and  the  velocities  vj  of  the  TISs  to  be: 
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-x-^  sin  aj  - cos  cij 


T3j 


with  T2j  - t2j  - toj  and  t3j  • t3J  - toj  (j  • 1,2) 


(1) 


(2) 


(3) 


(4) 


The  four  reflection  points  are  defined  by  their  coordinates  x),yi  with  I * 0, 1,2,3.  Thus,  the  first  Index 
of  Tjj  always  Indicates  the  reflection  point  and  the  second  Index  the  TIS.  In  the  case  of  determining  the 
azimuth  and  velocity  of  propagation,  we  need  only  measurements  at  the  points  0,2  and  3,  where  the  trans- 
mitter locations  X | , Y j (I  ■ 0,2,3)  as  well  as  the  receiver  location  and  therefore  also  the  locations  of 
the  Ionospheric  reflection  points  are  known.  The  location  of  rhe  unknown  transmitter  TX1  can  be  deduced 
from  the  additional  measurement  of  the  time  differences  Tjj  - t j j - t0j  after  reduction  of  the  azimuths  aj 
and  velocities  v j . 

Knowing  vj  and  aj  from  the  basic  measurement  (equations  (2), (3)  and  (4))  and  measuring  the  time 
difference  Tn  ■ til  - t0j  which  TIS  1 needs  to  travel  from  the  known  reflection  point  0 to  the  unknown 
reflection  point  1,  we  find  this  unknown  point  1 to  be  somewhere  on  the  straight  line  I.  This  can  be 

understood  since  we  measure  in  to  be  constant  for  ail  Ic.jtlons  of  TX1  (e.g.  <TX1>)  with  the  reflection 

point  lying  on  line  I.  A second  measurement  basing  on  TIS  2 with  a different  azimuth  of  propagation  leads 
to  the  straight  line  II.  The  crossing  point  of  these  lines  I and  II  consequently  Is  the  Ionospheric  re- 
flection point  1 of  the  path  from  the  unknown  transmitter  TX1  to  the  receiver  RX.  Assuming  symmetrical 
ray  paths,  thus,  also  the  unknown  position  X i , can  be  calculated. 

The  position  finding  also  can  be  achieved  using  a hybrid  system  determining  the  straight  line  I 

by  using  one  TIS  as  an  Indicator  and  using  a direction  finder  to  measure  the  angle  P (see  Fig  1).  The 

crossing  of  these  two  lines  Is  the  unknown  reflection  point  1 from  which  the  unknown  position  Xj.Yj  also 
can  be  found. 


Returning  to  the  original  method,  the  coordinates  of  the  unknown  ionospheric  reflection  point  xj,yi 
are  deduced  from  (1),(2)  and  (3)  to  be: 

v,  . t,,  v2  • r}2  • cosa, 
sin  a.  cos  a,  • sin  a, 

x,  . ! 2. (5a) 

1 cos  a.  • sin  a- 

1 — , ~ — - 

sin  • cos  a2 


x(  • si n a2 
v2  * t12  cos  a, 

^1  ’ COS  Oj 


(5b) 


with  t | j ■ t^  - t0j  (J  ■ 1,2)  . 


From  these  we  consequently  reduce  the  coordinates  of  the  unknown  transmitter  location: 


(6a) 


X,  • 2-x,  , 


Y.  * 2 v,  * . 


(6b) 


where  Y_  is  the  ordinate  of  TXO. 

o 

it  should  be  kept  in  mind  that  these  values  are  exact  oniy  for  the  applied  model  of  TISs  which 
significantly  can  be  discriminated  from  noise  fluctuations  and  do  not  change  their  characteristics  through- 
out the  intire  interval  of  measurement.  The  calculations,  furthermore,  base  on  geometrical  optics  calcu- 
lating the  ray  paths  which  are  assumed  to  be  symmetrical  and  do  not  suffer  any  azimuthal  deviations. 

Another  necessary  condition  to  apply  this  method  is  that  the  TIS  pattern  has  to  be  two-dimensional,  which 
for  instance  can  be  achieved  by  two  different  one-dlmensiona i TISs  (used  in  the  explained  example  and 
extended  in  Chapter  3.1)  or  by  nerlodic  structures  of  spatially  Interfering  traveling  ionospheric  disturb- 
ances (Chapter  3.2). 

It  is  anticipated  that  the  accuracy  of  the  Introduced  basic  method  can  be  Improved  by  applying  more 
sophisticated  ray-tracing  methods.  This,  however,  does  not  exclude  the  necessity  to  check  the  temporal  and 
spatial  coherence  of  the  TISs  as  well  as  applying  proper  data-processlng  techniques  to  improve  the  slgnal- 
to-noise  ratio  by  filtering  out  significant  TISs  to  measure  the  time  shifts  T with  high  agcuracy. 

3.  DATA  PROCESSING  TECHNIQUES  FOR  TIS  AND  POSITION  DETERMINATION 

The  equations  to  calculate  the  TIS  characteristics,  azimuth  and  velocity,  as  well  as  the  position 
of  the  unknown  transmitter  base  on  the  measured  values  of  the  time  delays  T caused  at  different  locations 
In  the  ionosphere.  We,  thus,  find  it  necessary  to  develop  a procedure  to  measure  the  time  delays  at  a most 
high  accuracy  and  reliability. 

!+r  zisrity  tr-j  mt-nS tiring  Twcr-i^-d,  »„  pfesjr.t  (v  Fig.  2 ar  cxWipK  of  a ucpf  Icr  .Display 

recorded  in  Huancayo/Peru,  where  a three-point  HF-CW-Doppler  array  was  set  up  to  investigate  traveling 
ionospheric  disturbances  in  equatorial  regions  (ROTTGER  and  BECKER,  1977),  The  characteristic  sizes  of 
this  network  are  between  20  and  50  km.  The  notations  MAT,  PAM  and  GRB  in  Fig.  2 Indicate  the  three  records 
from  the  three  paths  TXO  (Matahuasl),  TX2  (Pampas)  and  TX3  (Gran  Bretane)  to  the  common  receiving  station 
at  the  Geophysical  Observatory  of  Huancayo.  Besides  some  pulse-like  distortions,  clearly  wave-like  Doppler- 

fiWtuenry  varia  + lnn«  with  erlnd«  ',♦«#  jM'*  ID  wv}  & Jararad.  lhe*£  MfllJd'Ht, 

are  caused  by  medium-scale  TIOs,  indicate  a time-delay  shift  between  the  three  paths  which  lncldently 
points  to  the  fact  that  the  TID  structure  moved  through  the  network.  Since  these  non-perl odicai  and 
periodical  TIS  patterns  often  are  observed  on  Doppler  records  taken  at  all  latitudes  (e.g.  review  of 
FRANCIS,  1975),  we  are  confident  to  present  in  the  following  part  two  different  methods  to  deduce  the 
time  shTTf  for  puise-iixe  TiSs  as  well  as  periodic  Tins,  ana  calculate  by  These  means  me  position  of  an 
unknown  transmitter. 

As  pointed  out  in  Chapter  2,  we  need  to  measure  the  time  series  of  parameters  characterizing  the 
signals  transmitted  via  the  four  different  paths.  In  the  following  parts  we  confine  to  the  signal  para- 
meter, Doppler  frequency  variation,  since  this  parameter  appears  to  be  most  sensitive  to  motions  in  the 
ionosphere.  The  time  series  of  Doppler  frequency  variations  show  typical  events  like  demonstrated  in 
the  sample  records  of  Fig.  2.  In  the  case,  a TIS  moves  through  the  network,  these  records  indicate  a 
phase  or  time  shift  between  the  variations  measured  on  the  different  paths.  To  deduce  the  time  shifts 
at  a most  high  accuracy,  both,  the  cross-correlation  and  the  cross-spectrum  technique  are  accepted  as 
appropriate  tools.  Whereas  the  cross-spectrum  technique  Is  most  adaptive  to  periodic  variations  allowing 
to  filter  significant  oscillations,  thus,  improving  the  slgna l-to-nolse  ratio,  we  find  the  cross-correla- 
tion technique  most  suitable  for  pulse-1  ike  variations. 

After  pointing  out  the  basic  Items  to  calculate  the  time  shifts  by  both  techniques,  a model,  deduced 
from  deterministic  signals  covered  by  noise,  Is  applied  to  show  the  applicability  of  these  techniques.  The 
model  calculations  allow  a trustable  check,  since  we  calculate  the  signal  distortion  by  Introducing  a known 
TIS  moving  through  a known  network,  add  artificial  noise  and  apply  either  the  cross-correlation  or  the 
cross-spectrum  technique.  Finally,  we  close  the  elrcu't  calculating  the  TIS  parameters  and  the  transmitter 
location  from  the  reuults  of  the  cross-correlation  and  cross-spectrum  technique  computations  and  compare 
the  results  with  those  values  originally  Introduced. 

A time-varying  signal  parameter  A|  of  each  transmitter  TX;  (I  ■ 0, 1,2,3)  measured  at  the  receiver  RX 
Is  given  by 

A( (t)  ■ S| (t,£, ) ♦ Nj  <t)  , (7) 

where  t Is  tne  time  and  _rj  * (Xj,yi,Z|)  Is  the  radius  vector  to  a location  (number  I ■ 0,t,2,3)  in  the  Iono- 
sphere where  an  Influence  of  the  signal  parameter  due  to  a TIS  has  to  be  considered.  Basing  on  the  Intro- 
ducing assumptions  of  geometrical  ray-path  calculations,  we  consider  z|  ■ const.  A|  may  stand  for  any  signal 
parameter,  like  Incidence  angle,  amplitude  or  frequency.  In  the  applied  case  of  the  HF-CW-Doppler  technique, 
the  parameter  A|  Is  the  measured  Doppler  frequency  which  consists  of  the  contribution  of  the  signal  Si  and 
the  noise  Nj  received  In  the  frequency  band  under  evaluation.  The  noise  also  can  be  due  to  some  arbitrary 
modulation  (e.g.  FM  modulation  if  we  apply  the  HF-CW-Doppler  technique),  distorting  the  signal  to  be 
evaluated  for  the  purpose  of  position  determination. 

The  signal -Doppler  frequency  Sj  consists  of  the  transmitted  signal  frequency  S°  distorted  by  Iono- 
spheric variations,  which  shall  be  defined  by  a distortion  parameter  D(t,r|): 

Ej * E?i»p  - lit,*,*  . ft) 


The  signal  distortion  D(t,£|)  Is  assumed  to  be  due  to  a TIS  propagating  through  the  reflection  points 
0,1,2  and  3 so  that  variations  of  all  measured  signals  S|  occur,  which  indicate  a time  shift  as  a 
function  of  the  TIS  and  the  array  parameters. 
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After  this  basic  definition  of  the  signals  Influenced  by  traveling  Ionospheric  structures  and 
noise,  we  Introduce  the  cross-correlation  and  the  cross-spectrum  technique  for  the  evaluation  of  the 
data  time  series. 

3.1.  Cross-correlation  technique 

For  any  signals  defined  by  (7),  estimates  of  the  cross-correlation  functions 

CCF. (x)  • y / A| (t)  AQ(t  ♦ T)  dt  (I  - 1,2,3)  (9) 

can  be  calculated  In  the  observational  time  interval  T.  From  the  maxima  of  these  cross-correlation  func- 
tions CCF|,  the  significant  time-delay  shifts  t with  reference  to  reflection  point  0 are  to  be  deduced. 

If  two  TISs  are  traveling  through  the  network  (see  Fig.  I),  we  find  from  the  time  shifts  X|j  of  the  maxima 

of  the  cross-correlation  functions: 

x. . * T(max. (CCF. ) ) 

' J J ® 

with  I * 1,2,3  (Indicating  the  reflection  points)  and  J * 1,2  (Indicating  the  TiSs).  These  values  t|j  then 
can  be  used  to  calculate  by  means  of  (2), (3)  the  azimuths  aj,  velocities  vj,  ard  from  (5a), (5b)  the 
coordinates  of  the  unknown  reflection  point  X),yj. 

The  outlined  procedure  shall  now  be  elucidated  by  an  example.  For  this  purpose,  we  assume  the  HF-CW- 
Doppler  network  to  be  defined  by  the  following  locations  of  the  Ionospheric  reflection  points  using  the 
coordinate  system  introduced  in  Fig.  I: 

xQ  * 0.0  km,  X|  * 17.5  km,  x^ * "25.0  km,  Xj  » +25.0  km, 

yQ  * 0.0  km,  yj  =-20.0  km,  y^  * -45.0  km,  yj*-45.0  km. 

Two  pulse-like  TISs  with  equal  horizontal  velocities  v|(2  * 150  m s"l  are  assumed  to  travel  approximately 
simultaneously  through  the  network  at  the  different  azimuth  angles  ci|  » 150°  and  03  * 210°.  The  TISs  are 
straight  lines  not  changing  their  characteristics  throughout  the  entire  network  (see  Fig.  I).  Basing  on 
these  assumptions,  evidently  the  exact  times  can  be  calculated  when  the  TISs  Influence  the  signals  propa- 
gating along  the  four  paths  TXO-RX,  TX1-RX,  TX2-RX  and  TX4-RX.  To  discriminate  In  the  calculations  between 
the  two  TISs,  TiS  I Is  Introduced  to  cause  twice  the  ampl'tude  In  frequoncy  variation  than  TIS  2.  For 
simplicity,  the  frequency  variations  are  set  to  be  step  functions  with  a duration  of  1 min,  which  corre- 
sponds to  typical  TIS  dimensions  of  some  kilometers.  TIS  I first  causes  a negative  frequency  shift  followed 
by  a positive  shift,  whereas  TIS  2 acts  Just  vice  versa.  The  additive  noise  component  Is  generated  by 
equally  distributed  random  numbers.  The  slgnal-to-noise  ratio  is  determined  by  the  ratio  of  the  peak 
amplitude  of  TIS  1 and  the  peaks  of  the  noise.  Since  typical  times,  the  TISs  need  to  travel  through  the 
network,  are  In  the  order  of  several  minutes,  samples  from  the  time  series  A j ( t > are  taken  every  30  seconds 
for  digital  computation  of  the  estimates  of  the  cross-correlation  functions  CCF|. 

A sample  from  the  time  series  generated  by  means  of  the  described  procedure  Is  shown  in  the  upper 
right  half  of  Fig.  3.  The  pulse  response  I is  due  to  TIS  1 and  the  response  2 to  TIS  2.  The  noise  con- 
tributes to  the  signal  as  an  additive  component.  From  the  time  series  A(t),  the  estimate  of  the  cross- 
correlation function  CCF  is  calculated  using  equation  (9'  and  setting  the  Integration  time  Interval  T » 

100  min,  which  is  approximately  ten  times  the  maximum  expected  time  shift  Xij.  T can  be  reduced  to  a 
smaller  value  which,  however,  decreases  the  slgnal-to-noise  ratio  of  the  CCF,  so  that  the  significance 
of  the  peaks  at  X|j  will  be  diminished.  The  greater  the  slgnal-to-noise  ratio  of  the  original  time  series 
the  shorter  the  integration  time  T can  be  chosen,  it  is  proposed  to  apply  a procedure  to  minimize  T,  which 
has  to  take  Into  account  the  siqnai-to-noise  ratio,  the  shape  of  the  pulse  response  due  to  the  TiSs  as  well 
as  tho  maximum  time  shift.  Since  the  noise  contribution  not  only  is  from  external  sources  but  may  be  due 
* ar'ultrsry  fnoiwlBtkt,  J Uti  Unm.  wk.  t m*  e tu.a 

variation  of  the  modulation  signal),  one  also  should  Investigate  In  succeeding  analyses  how  the  method 
reacts  on  different  modulation  techniques. 

If  the  signals  S'j’lt)  contain  any  correlated  component,  If  the  common  receiver  RX  Introduces  signal 
variations  (e.g.  due  to  a non-stable  oscillator),  or  If  the  variable  ionospheric  Influence  Is  equal  at  all 
reflection  points  (e.g.  due  to  very  large-scale  disturbances  with  dimensions  an  order  of  magnitude  greater 
than  the  characteristic  dimensions  of  the  TiSs),  the  signals  have  to  be  expressed  by 

S°(t)  • S*(t)  • D°(t)  , (10) 

where  Sf(t)  are  the  original  stable  signals  and  D°(t)  Is  a correlated  disturbance.  Due  to  the  Influence  of 
D°(t),  we  will  find  a peak  cf  the  cross-correlation  functions  near  x * 0.  We  will  call  this  In  the  following 
part  an  instrumental  correlation.  Since  this  peak  occurs  In  all  three  CCFs,  we  can  calculate  a mean  CCF  * 

1 3 

y E CCF|,  and  use  It  for  calculating  modified  cross-correlation  functions  MCCFf  • CCFj  - CCF.  We,  thus, 

J i*  1 

can  ellmlnafe  the  Instrumental ly  correlated,  non  time-shifted  constituents  of  the  signals  and  Improve  the 
significance  of  the  determination  of  tho  time  shifts  X|j,  A different  approach  than  the  cross -correlation 
technique  to  Improve  the  significance  of  the  method,  i.e.  the  reliability  of  the  position  determination. 

Is  given  by  the  filtering  technique  which  is  presented  In  Chapter  3.2. 

An  example  of  the  cross-correlation  function  calculated  from  the  time  series  Ao(t)  and  Ajlt)  Is 
shown  In  Fig.  3.  At  x * 0 we  find  the  peak  due  to  an  instrumental  correlation  (here  the  peak-to-peak 
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variation  of  D°tt)  is  assumed  to  be  equal  to  the  peak-to-peak  variation  of  the  uncorrelated  noise  N|(t)). 
The  significance  level  to  find  the  relevant  peaks  1 and  2 can  be  defined  by  the  level  which  is  exceeded 
by  the  uncorrelated  noise  peaks  with  a 5t  probability  (or  any  other  percentage  value).  Another  way  to 
find  the  relevant  peaks  and  the  corresponding  time  shifts  t j j Is  to  search  for  the  two  highest  maxima  of 
the  MCCFs  and  assume  these  to  be  due  to  two  TISs.  Since  this  procedure,  which  shall  be  called  "maximum 
amplitude  criterion",  strongly  depends  on  the  ?ignal-to-nolse  ratio,  we  have  to  find  out  the  llmit'ng 
conditions  for  the  significance  of  the  parameters  deduced. 

The  depicted  method  was  applied  to  compute  the  picture  shown  in  Fig.  4.  We  find  that  the  amplitudes 
of  the  cross-correlation  functions  more  clearly  exceed  the  no.se  level  with  Increasing  signal-to-noise 
ratio  S/N.  Also  the  calculated  Ionospheric  position,  indlcat.d  in  the  upper  part  of  the  diagram  by  the 
coordinates  x and  y,  more  and  more  approaches  to  the  real  values  xi  and  yj.  Due  to  the  fact  that  the 
digital  samples  from  the  time  series  were  not  taken  continuously  but  at  discrete  times  every  30  seconds, 
we  find  a systematic  quantization  error  of  the  final  position.  However,  this  error  can  be  minimized  by 
increasing  the  sampling  rate.  It  is  found  from  this  computation  *•  provided  that  the  above  mentioned  con- 
ditions, e.g.  spatial  and  temporal  coherence  etc.  are  fulfilled  - that  the  position  of  an  unknown  trans- 
mitter can  be  deduced  with  a sufficient  accuracy  if  the  signal-to-noise  ratio  is  greater  than  about  two 
and  the  sampling  rate  is  high  enough  to  reduce  the  quantization  error  to  an  acceptab.e  value. 

3.2.  Cross-spectrum  technique 

It  was  shown  that  the  cross-correlation  technique  appears  to  be  applicable  to  signal  distortions 
caused  by  non-periodic,  pulse-like  TISs.  Because  more  often  periodic  TISs,  i.e.  traveling  Ionospheric 
disturbances  (TIDs),  are  observed  than  pulse-like  TISs,  we  find  that  the  cross-correlation  technique 
should  be  exchanged  by  the  more  appropriate  tool  of  the  cross-spectrum  technique.  This  fact  we  antlclpale 
since  In  periodic  systems  a spectrum  analysis  in  any  case  Is  more  advantageous  due  to  Its  property  to 
filter  out  noise  components.  (1+  should  be  mentioned  here  that  this  spectrum  analysis  must  not  be  mixed 

ay  With*  tins  SjjfcCtruTi,  analysis  catr.dO  out  ourlry  tTit  preparatory  process . .ig  prucouort,  twu  deducing  TW. 

Doppler  spectrum  of  the  signal.) 

The  wave-like  distortion  due  tr  TID  is  assumed  to  be 


D(t,£)  « Dq  slnOt*£-  o>t). 


(11) 


where  0o  is  the  disturbance  amplitude, 

_k  is  the  wave  vector  of  The  Tiu, 

« is  its  angular  frequency, 
t Is  the  time. 

The  radius  vector  r Is  defined,  as  In  Chapter  3.1,  pointing  to  the  location  where  the  TID  influences  the 
ray  path.  Introducing  the  parameters  of  the  coordinate  system  given  In  Fig.  1 and  knowing  that  the  horizon- 
tal phase  velocity  of  a TID  is  v - w/k  and  the  horizontal  wavelength  Is  A » 2s/k,  the  distortions  due  to 
two  TIDs  (J  • 1,2)  are: 

D,j  * Djlt^Tj)  • D0j  sln(|i^'Xj  sin  Oj  ♦ yj  cos  Oj)  - Vj*t)).  <12> 


Introducing  (12) Into  (8),  we  find  the  signal  time  series  Aj  C t)  varying  periodically  If  TIDs  with  horizontal 
wavelengths  Aj  are  moving  through  the  network.  When  assuming  the  coordinates  X|,y|,  the  velocities  vj  and 
the  propagation  azimuths  aj  as  well  as  the  Integration  time  T to  be  the  same  like  those  used  in  the  cross- 
correlation  computations,  and  assuming  two  TIDs  of  the  medium-scale  class  with  the  periods  Tyig  ) » 20  min 
end  T-y  to  ? ” 33  min  (which  at  the  horizonta  phase  velocity  v * 150  m s”1  (v  ■ A/T)  correspond  to  A]  » 180  km 
and  A2  ■ 300  km),  we  Od^the  cross-cor  reUtton  function  CCF  2 shown  In  Fig.  5.  It  Is  evident  from  this 
picture  that  different  peaks  like  In  the  cuse  of  tho  double-pulse  TISs  can  no  more  be  distinguished. 


Since  we  find  that  the  cross-correlation  technique  appears  to  be  not  appropriate  in  the  case  of 
periodic  disturbances,  the  spectrum  analysis  has  to  be  Introduced.  The  complex  spectrum,  calculated  at  the 
integration  time  Interval  T,  Is  given  by  Its  estimate 

A*(w)  ■ » / A(t)  exp(-l  u t)  dt  (13) 

1 T 


from  which  we  can  deduce  the  amplitudes  Aj  and  phases  f|  (I  • 0,1, 2, 3),  measured  as  a function  of  the  TID 
frequency  u,  respectively  period  Tyig,  on  the  propagation  paths  0,1,2  and  3.  When  introducing  a slgn.flcance 
level  to  find  non-statist  I cal  amplitudes  In  the  spectrum,  again  the  amplitudes  of  relevant  TIDs  can  be 
determined  (e.g.  by  means  of  the  maximum  amplitude  crlterionA.  Consequently  also  the  phases  of  the  TID 
distortions  which  are  observed  In  the  time  series  ere  found  in  the  spectrum.  From  these  phases,  tho  time 
shifts 
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are  calculated.  These  time  shifts  T|j  then  are  used  to  compute  the  azimuths  oj,  the  velocities  vj  as  well 
as  the  coordinates  X)  and  yj,  by  means  of  equations  (2), (3)  and  (5a), (5b). 


An  example  of  this  technique  Is  given  In  Fig.  6.  In  the  diagram  the  time  series  of  the  signal  oscil- 
lations due  to  the  Influence  of  the  TIDs  at  the  reflection  points  0,1,2  and  3 are  shown.  Here  TID)  travels 
at  an  azimuth  angle  om  • 240°  and  TI0  2 at  an  angle  02  ■ 120°.  The  amplitudes  of  the  disturbances  are 
D0i  • 2.00  and  0O2  ■ 1.75.  To  clarify  the  picture  of  the  time-shifted  oscillations,  the  noise  amplitude  Is 
assumed  to  be  zero.  We  evidently  find  In  the  time  series  of  Fig.  6 the  Interfering  oscillations  at  the 
periods  Tyioj  • 20  min  and  Ty|0  2 • 33  min. 


To  get  an  impression  on  the  ionospheric  corrugation  which  is  caused  by  two  TIDs  spa+Ially  Inter- 
fering over  the  network,  we  calculated  the  prlnt-out  shown  lr  Fig.  7.  The  print-out  density  contours  can 
oe  understood  To  be  con  ugatiohs  of  neignt  leve-f  of  cons  ram  plasma  frequency  tn  tne  Ionosphere  (which 


act  as  a corrugated  mirror  for  HF  waves).  Like  In  the  coordinate  system  of  Fig.  1,  the  upper  part  of  the 
picture  In  Fig.  7 Is  north.  Depending  on  the  horizontal  phase  velocities  vj  2 * 150  m *"'»  the  Interfer- 
ence pattern  takes  about  one  hour  to  move  from  the  northern  part  to  the  southern  part  of  the  map,  where 
the  two  wave  disturbances  Independently  propagate  approximately  Into  WSW  and  ESE  direction. 

In  Fig.  6,  the  influence  of  the  signal-to-nolse  ratio  on  the  accuracy  of  the  spectrum  analysts  as 
well  as  the  consecutive  position  determination  ar6  demonstrated.  Basing  on  the  Integration  time  T * 100  min 
artr  Hta  l*'T  t*wj  ruy  Ux  i^ntrrM  ret  -a  r*  1 3Ut*s-'  t-.r  tfee  p^lod  t « HJO  wfojt 

(n  ■ 1, 2., 3,...,  100).  Figure  8 shows  the  harmonic  analysis  of  the  signal  time  series  as  observed  on  the 
path  TXI-RX.  This  diagram  does  not  show  the  periods  shorter  than  16.6  min  since  In  the  case  of  Tyig  1 ■ 

20  min  and  Ty|Q2  “ 33  min  the  higher  order  spectral  lines  are  due  to  noise  contributions  only.  As  expected 
tru  the  ! '.tr-IuCoJ  mui  !,  tl.0  am>.lltucds  t, j tf  t synchro)  lints  at  ,■&  - LL  n.lT,  ar.fi  11  ti.It,  clear 
exceed  the  noise  level  (e.g.  at  T-jiq  - 100  or  50  min).  For  signal-to-nolse  ratios  greater  than  0.75  (S/N 
with  reference  to  D0i ) the  amplitudes  almost  exactly  approach  the  correct  values.  The  corresponding  phases 
tlj  even  reach  this  condition  at  a much  lower  slgnal-to-nolse  ratio,  whereas  the  noise  phases  at  T-pD  * 100, 
50,  25  and  17  min  Indicate  random  variations  only. 

In  the  lower  part  of  Fig.  8 the  velocity  “ « ( v 1 ♦ V2)/2  and  azimuth  of  the  TID  phase-fronts 

|a’ | * (|a||  ♦ |a2|)/2  as  well  as  the  coordinates  of  the  unknown  reflection  point  1 are  shown  as  a function 
of  the  signal-to-nolse  ratio.  These  parameters  are  deduced  from  the  complex  cross-spectra  applying  the 
maximum  amplitude  criterion.  We  find  that  at  a slgnal-to-nolse  ratio  greater  than  two  the  values  of  the 
parameters  v,  a,  xj  and  yj  rather  exactly  are  the  original  values,  which  In  Fig.  8 are  Indicated  by  the 
hor I zonta I lines. 

The  results  presented  In  Fig.  8 depend  peculiarly  on  the  condition  that  the  periods  of  the  TIDs  are 
Integer  portions,  I .e.  harmonics  of  the  Integration  time  Interval.  Since  this  condition  moSTly  cannot  be 
achieved  In  praxis,  we  ask  for  the  error  which  Is  introduced  by  a truncation  of  the  time  series.  It  should 
be  treated  In  succeeding  Investigations,  however,  if  a cross-power  spectrum  analysis,  which  combines  the 
cross-correlation  and  the  cross-spectrum  technique,  would  be  morb  convenient  than  the  described  harmonic 
analysis. 

In  Fig.  9 the  results  of  computations  are  shown,  starting  with  the  truncation  of  the  time  series 
at  t ■ 20  min  (see  Fig.  6),  which  Is  one-fifth  of  the  Integration  lime  T - 100  min  used  to  calculate  the 
results  given  In  Fig.  8.  The  velocity  v and  the  azimuth  angle  a as  well  as  the  coordinates  x,y  approach 
almost  exactly  the  original  values  for  Increasing  Integration  time  (T  ♦ t * 100  min).  It  Is  to  note  that 
after  one  hour  observation,  l.e.  Integration  time,  and  at  the  rather  low  signal-to-nolse  ratio  of  two, 
the  accuracy  of  the  azimuth  measurement  as  well  as  the  accuracy  of  the  position  determination  appear  to 
be  very  acceptable.  To  determine  the  velocity  with  a similar  accuracy,  we,  however,  find  it  necessary  to 
Integrate  almost  100  minutes. 

To  use  this  method  for  applications.  It  Is  proposed  to  start  the  Integration,  l.e.  the  spectrum 
wwl  yi  rt  Mb*  #s  * fern  jsfrwbN  oJ  clAetMftl  o»4  «r«  irtl'laift . Ktt  leSeyeilt#  tUte,  Him 

parameter  values  should  converge  more  and  more  If  a TID  structure  moves  through  the  network.  By  taking 
statistical  averages  from  different  samples  of  observational  Intervals,  one  should  In  praxis  find  the 
statistics  of  traveling  ionospheric  disturbances  and  the  position  of  an  unknown  transmitter  with  an 
« ■fOfrsj'+e  neliellirty* 

4.  CONCLUSION 


The  technique  for  position-finding  under  sky-wave  conditions,  which  Is  described  In  this  paper, 
bases  on  a rather  different  principle  than  the  commonly  used  direction-finding  systems.  The  presented  method 
Is  to  evaluate  the  Image  of  a transmitting  source  reflected  at  a corrugated  mirror  (l.e.  the  reflecting 
Ionosphere  disturbed  by  a traveling  Ionospheric  structure).  After  the  time-varying  distortion  of  the  re- 
flector is  determined  by  a measurement  using  a three-point  HF-CW-Dopp ler  system,  the  source  Is  located  by 
the  cross-correlation  or  the  cross-spectrum  technique. 

The  applied  model  calculations  prove  tha+  the  basic  technique  operates  adequately  to  determine  the 
position  of  an  unknown  transmitter.  It  appears  that  this  method  Indicates  some  advantages  In  comparison  to 
common  direction-finding  systems  using  goniometers,  provided  that  those  basic  conditions  of  spatial  and 
temporal  coherence  of  the  traveling  Ionospheric  structure  (TIS)  as  well  as  sufficient  Integration  time  are 
fulfilled.  It  Is  understood  that  the  technique  operates  most  appropriate  under  strong  TIS  conditions  («ven 
the  background  ionospheric  drift  might  be  used),  which  is  Just  opposite  to  the  direction-finding  technique, 
which  operates  properly  under  undisturbed  conditions.  Thus,  one  should  think  about  a hvbrld  system  con- 
sisting of  a goniometer  direction-finder  and  an  HF-CW-Doppler  array  to  provide  operation  under  undisturbed 
(no  TISs)  and  disturbed  (TISs)  conditions.  On  the  other  hand,  a supplementary  HF-CW-Doppier  system  can  - 
besides  determining  the  position  of  a transmitter  - give  valuable  Information  on  the  traveling  Ionospheric 
st. uctures  or  disturbances  to  correct  the  bearing  error  of  the  direction-finding  system.  Another  possibility 
would  be  to  use  one  direction-finder  to  measure  the  azimuth  of  the  unknown  transmitter  and  deduce  one  cross- 
ing line  by  means  of  the  cross-spectrum  technique  using  an  HF-CW-Dopp ler  system  to  determine  the  transmitter 
location.  This  hybrid  system  would  be  appropriate  If  the  TIS  pattern  is  one-dlmenslonal  only  and  one  does 
not  find  In  a further  measurement  a succeeding  TtS  with  different  propagation  azimuth. 

We  find  another  advantage  of  the  HF-CW-Dopp ler  technique  In  using  very  simple  antennas  Instead  of  the 
sophisticated  direction-finder  antennas.  The  cross-correlation  and  the  cross-spectrum  technique  allow  under 
specified  conditions  even  to  localize  transmitters  with  an  unstable  signal  frequency  or  arbitrary  modulation. 
Multi-path  errors  (e.g.  IF-  and  2F-propagatlon)  can  be  eliminated  In  case  of  TID  signal  distortions.  The 
fact  that  TIDs  cause  different  Doppler  shifts  on  different  paths  can  be  used  to  discriminate  the  paths  by 
their  different  Doppler  shift  and  amplitude.  It  Is  understood  that  the  method  operates  more  reliable  at  very 
steep  than  at  low  elevation  angles.  Due  to  the  fact  that  common  direction-finding  systems  st;ow  Increasing 
Wttv  ef  Steep  -o.4j;iw“  ir  -^lomere  t%iu,  -he  ii-tnpowrM  eppsmni  tt  |rhr»  » reasonable  sip-  la- 

ment to  the  direction-finding  system  In  use. 


1+  should  ba  stressed,  however,  that  supplements  and  Improvements  of  the  HF-CW-Doppler  technique 
to  use  TIS  patterns  for  position-finding  should  be  applied  In  order  to  minimize  the  error  rate  and  Im- 
prove the  reliability  when  operating  the  system  In  praxis.  As  pointed  out  earlier,  checks  with  ray-tracing 
computations,  taking  Into  account  different  ionospheric  models,  are  desirable  as  well  as  more  expanded 
Investigations  on  the  influence  of  the  frequency  stability,  i.e.  different  modulation  techniques,  the 
influence  of  the  slgnal-to-nolse  ratio,  the  Integration  time,  the  optimum  quantization  of  the  sampling 

tote,  ! TTJuTTI  StgfTl  1 1 ..ciTTCt'  levt-To  end  e Tenipof'ZH  aid  < A'i  'ince  ot  tile  mo.  ng  ti  j patter  ii.  A Hiw,i 

desirable  continuation  of  the  procedure  presented  In  this  paper  Is  expected  to  be  a comparison  of  the 
applied  model  calculations  with  measurements  using  a four-point  HF-CW-Doppler  network  as  well  as  to  com- 
pare the  obtained  results  with  the  gonlometrlc  direction-finding. 

In  this  paper  tho  features  of  the  cross-correlation  and  the  cross-spectrum  technique  are  Investi- 
gated by  means  of  model  calculations  taking  Into  account  the  Influence  of  TIDs  on  the  propagation  of  HF- 
waves  and  v.v.  deducing  the  TID  parameters  from  the  observations.  It  appears  that  the  cross-spectrum 
technique  Is  most  appropriate  to  be  applied  for  the  evaluation  of  periodic  time  series  recorded  by  means 
of  HF-CW-Doppler  systems.  We  expect  as  a consequence  an  Improvement  of  the  evaluations  of  HF-CW-Doppler 
signals  tor  position  determination  and  tor  the  investigation  ot  the  characteristics  of  traveling  iono- 
spheric disturbances. 
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y (NORTH) 


TX1  (X„  Y,) 


TX2 


Array  of  four  transmitters  TXO,  TX1,  TX2  and  TX3  and  one  common  receiver  RX,  located  in  the 
horizontal  x,y  plane.  The  origin  of  the  coordinate  system  Is  the  projection  of  the  Ionospheric 
reflection  point  of  the  path  TXO-RX.  The  azimuthal  propagation  angle  a of  a traveling  Iono- 
spheric structure  TIS  Is  a * a'  ♦ 90°  measured  with  reference  to  the  north-direction,  where 
a'  Is  the  angle  of  the  phase-front  of  a TIS.  Further  parameters  are  described  In  the  text. 
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HF-CW-Ooppler  records  from  the  Huancayo  network.  The  oscillations  of  the  Doppler  frequency  of 
measured  as  a function  of  local  time  IT  on  the  three  paths  MAT,  PAM  artd  GRB  are  caused  by 
medium-scale  traveling  ionospheric  disturbances  propagating  through  the  network. 
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MCCF  2 


Time  series  (upper  right  half)  and  modified  cross-correlation  function  (elimination  of  the 
peak  at  t * 0)  of  double-pulse  signals  at  a slgnal-to-nolse  ratio  of  two.  The  time  scale  t 
Is  equal  to  the  scale  of  the  time  shift  t. 
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Fig.  4 Location-finding  by  means  of  pulse-llke  TISs  (parameters  ere  given  In  the  text!. 

In  the  lower  part  of  the  graph  the  cross-correlation  functions  ere  printed  In  a three-dimen- 
sional density  display  as  a function  of  the  slgnet-to-nolse  ratio  S/N. 

From  the  set  of  the  three  cross-correlation  functions  the  coordinates  x),y)  of  the  unknown 
Ionospheric  reflection  point  are  calculated  and  plotted  In  the  upper  diagram. 

Each  sample  of  S/N  Is  froai  one  different  set  of  random  numbers  which  Introduces  the  statistical 
scatter  of  the  calculated  results. 
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Fig.  6 Time  series  A(t)  measured  on  the  four  paths  0,1,2  and  3.  The  phase-shifted  oscillations 
are  due  to  two  Interferlnp  TlOs  with  the  periods  TT)0  j * 20  min  and  * 33  IB,n* 
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Fig,  6 Result  of  a spectrum  analysis  showing  the  amplitudes  Ajj  and  phases  «ii  at  the  periods 
TTiO  * '00  to  17  minutes  as  a function  of  the  slgnal-to-nolse  ratio  S/N. 

From  the  significant  amplitudes  and  phases  observed  at  Tfio  * 20  and  33  min,  the  velocity  V 
and  the  phase-front  angle  |a' [ as  well  as  the  location  xi,yi  of  the  unknown  Ionospheric 
reflection  point  are  calculated. 

Each  sample  of  S/N  Is  from  one  different  set  of  random  numbers  which  Introduces  the  statistical 
scatter  of  the  calculated  results. 


...  j-akilcr ; 


a = 90° 


450 


150  v= 150ms''  450 


o=270° 


Fig.  9 Determination  of  TIO  velocity  v and  azimuth  a (lower  diagram;  a]  ■ 240°,  <*2  * 120°, 

150  m s"1)  and  the  location  of  the  unknown  Ionospheric  reflection  point  (upper  diagram: 
xi  » 17.5  km,  yi  • -20,0  km)  for  various  Integration  times  T. 

Each  sample  of  the  time  series  truncated  at  T Is  from  one  different  set  of  random  numbers 
which  Introduces  the  statistical  scatter  of  the  calculated  results. 


DISCUSSION 


T.B  Jones,  Physics  Department,  University  of  Leicester,  UK 

(1)  At  night  TID’s  are  large  and  you  have  good  correlation  over  the  array;  however,  the  time  differences  measured 
are  very  small  and  difficult  to  measure  accurately.  Would  this  lead  to  errors  in  your  position  finding  system? 

(2}  Diuirig  daytime  the  Tib  arc  Small  and  greater  time  delays  are  obtained.  Hoacyci,  UK  ic&ahs  indicate  consider- 
able dispersion  of  the  TID  even  over  small  distances  of  about  40  km.  This  limits  the  usefulness  of  the  3 station 
techniques  for  DF  work  and  TID  studies. 

(3)  The  use  of  the  ‘cross  correlation’  technique  is  not  very  satisfactory  and  does  not  lead  to  accurate  measurement 
of  the  time  displacement  (t) . A Fourier  analysis  appears  to  be  much  better  for  determining  t but  it  does 
tend  to  emphasize  the  higher  frequency  components  of  the  TID.  Can  one  be  certain  that  one  has  included 
enough  of  the  ‘record’  to  obtain  a time  spectrum  of  the  TID? 

Author’s  Reply 

(1)  The  introduced  method  can  be  applied  either  to  non-periodic  or  to  periodic  disturbances.  To  reduce  the  error 
in  position  determination,  we  have  to  assure  that  the  time  of  measurement  is  comparable  to  the  characteristic 
time  of  the  disturbance,  i.e.  the  time  a non-periodic  TIS  needs  to  travel  through  the  network  or  the  period  of 
a TID. 

(2)  A further  condition  for  a high  accuracy  of  the  system  is  that  the  temporal  as  well  as  the  spatial  coherence  of 
the  structures  is  sufficiently  great,  i.e.  the  TISs/TIDs  should  not  decorrelate  over  the  distance  of  the  network. 
TIDs  are  observed  to  correlate  rather  properly  over  distances  of  some  ten  kilometers,  which  appear  to  be  the 
optimum  dimensions  of  the  position  finding  network.  This  incidentally  is  an  advantage  of  the  system  operating 
more  reliably  at  steep  than  at  low  incidence  angles. 

(3)  As  it  is  pointed  out  in  the  paper,  in  case  of  periodic  disturbances  the  Fourier  analysis  is  much  more  accurate 
than  the  cross-correlation  technique  and  should  be  applied  much  more  often  than  up  to  now  (in  many  cases  it 
even  seems  to  be  better  than  a power  spectrum  analysis).  Proper  fitting  of  the  integration  interval  to  the 
periodic  TIDs  as  well  as  reliable  significance  tests  surely  have  to  be  applied  in  order  to  deduce  all  information 
from  the  data  without  preference  of  some  spectral  components. 


A Simple  Multipath  Error  Reduction  Method 
for  Single  Site  DP  Systems 

M.  BOhm 

Standard  Elektrik  Lorenz  AO  (ITT) 
Stuttgart,  Germany 


SUMMARY 


Multipath  reduction  for  precise  df  systems  is  performed  using  a variety  of  methods. 
Besides  frequency  diversity  and  Doppler  schemes,  space  diversity  schemes  as  well  as 
directional  diagrams  have  found  wide  applications. 

It  is  well  known  that  using  wide  apertures  is  one  of  the  best  methods  to  reduce 
multipath  errors.  However,  low  frequency  systems  that  also  are  required  to  be  mobile 
are  not  very  suited  for  wide  apertures. 

The  paper  describes  a simple  method  of  reducing  multipath  errors  by  aperture  sampling 
using  at  least  three  antenna  elements.  This  method  is  derived  from  a simple  error  model 
that  is  independent  from  frequency.  At  each  of  the  three  elements  phase  and  amplitude 
of  the  electromagnetic  field  are  sampled  simultaneously,  which  is  made  possible  by  pro- 
viding each  antenna  element  with  its  own  receiver.  All  receivers,  however,  are  using 
the  same  local  oscillator  to  be  coherent. 

The  phase/amplitude  pairs  are  digitized  and  fed  into  a computer  which  basically 
- in  the  case  of  one  reflector  only  - has  to  solve  the  equation 


Aj  cosCAdj-Ap)  - A.  cos(Aa2-A|J) 


2 A 


2 


Aj,  A2  and  Aj  are  the  amplitudes  of  the  field  at  the  three  antenna  elements,  Aa1  iB  the 
measured,  distorted  phase  difference  between  the  first  and  second  element,  Aa2  iB  the 
measured,  distorted  phase  difference  between  the  second  and  third  antenna  element. 

A(3  is  the  undistorted  phase  difference  between  two  neighboured  antenna  elements  and 
leads  to  the  undistorted  angle  of  incidence  by  using  the  formula 


ip  = arc  sin  .-■■AP 
2 m d 

where  A is  the  wavelength  and  d the  distance  between  two  neighboured  elements. 

The  basic  method  is  applicable  to  linear  as  well  as  circular  arrays.  In  order  to 
evaluate  the  method  an  L-band  test  system  was  built,  featuring  a five  A linear  array. 

Test  results  are  presented  and  discussed,  as  well  as  potential  and  limitations  of 
the  method.  The  paper  concludes  with  some  indications  of  further  refinements  of  the 
basic  method. 


Introduction 

DF  systems  have  been  an  important  tool  for  military  surveillance  since  decades  in  all 
branches  of  the  armed  forces  in  many  nations.  Since  the  first  patents  were  granted  to 
radio  df  proposals  at  the  beginning  of  this  century,  numerous  designs  have  been  used, 
one  of  the  most  popular  being  the  Adcock  type  equipment. 

As  accuracy  requirements  increased,  however,  the  limitations  of  Adcock  df  equipment 
in  a multipath  environment  led  to  widebase  systems,  one  of  the  best-known  being  circular 
Doppler  df  developed  in  World  War  II.  While  this  approach  provides  good  results  with 
apertures  of  5 - 10  A its  application  is  difficult  for  mobile  systems  in  the  VHF  and 
lower  frequency  bands  because  of  too  large  mechanical  dimensions.  There  is  also  a 
problem  for  multipath  situations  with  a small  spatial  angle  between  direct  and  reflect- 
ed signals.  In  this  case  the  simple  phase  measurement  technique  requires  intolerably 
large  apertures. 

The  purpose  of  this  paper  is  to  discuss  a method  of  signal  processing  that  provides 
sufficient  accuracy  while  requiring  considerably  less  aperture  than  conventional  pro- 
cessing schemes.  The  basic  approach  relies  on  aperture  sampling  techniques  as  sketched 
ir.  Fig.  1.  This  technique,  which  is  increasingly  also  being  advised  for  low  flyer  de- 
tection radar,  provides  more  information  than  a conventional  sum-difference  pattern 
of  the  same  aperture.  This  additional  information  is  the  distribution  of  rf  signal 
phase  and  amplitude  over  aperture. 
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To  fully  exploit  this  information,  mathematical  processing  is  required.  Due  to  the 
technological  progress  of  digital  processors,  be  they  mini  or  micro,  simple,  low  cost 
equipment  has  become  feasible.  However,  despite  the  performance  of  modern  processors, 
one  has  to  search  for  simple  algorithms  in  order  to  keep  the  processor  effort  relative- 
ly low  especially  when  it  comes  to  high  speed  applications  (measurement  time  a fraction 
of  one  second).  The  algorithms  discussed  in  this  paper  are  very  simple  and  flexible,  as 
will  be  shown  in  the  following  sections. 


Error  Generation  Model 

The  basic  configuration  .«hich  generates  multipath  errors  is  sketched  in  Pig.  2. 
Assuming  a 2-element  interferometer  with  a baseline  d one  can  determine  the  direction 
of  arrival  ip  (DOA)  of  radio  energy  transmitted  from  a source  by  measuring  the  phase 
difference  Ap  of  the  2 signals  arriving  at  the  coherent  receivers  El  und  E2. 

If  a specular  reflector  is  introduced  there  are  two  signals  at  each  of  the  receivers. 
These  signals  are  combined  vectorially  in  the  receivers.  As  their  travelling  paths  are 
different  (b.+c.  $ bj+c-),  the  distorting  signals  SI  und  S2  arrive  at  El  and  E2  with 
different  phases,  if  not  with  different  amplitudes,  and  therefore  distort  the  phase 
difference  Ap  . As  a result,  the  DOA  measured  contains  an  error. 

For  a very  simple  linear  array  comprising  three  antenna  elements  equidistantly 
spaced  the  received  signals  with  their  relative  phase  relationship  are  sketched  in 
Fig.  3a,  which  is  rather  self-explanatory. 

In  order  to  extract  the  distorting  phase  component  from  this  sketch,  a normalization 
is  performed  by  substracting  the  undistorted  phase  p from  the  measured  phase  a of  the 
signals  at  each  two  neighboured  antenna  elements.  The  result  is  given  in  Fig.  3b.  It  is 
apparent  that  the  distorting  phase  components  and  are  different  from  each 

other.  It  is  also  apparent  that  the  locus  of  the  signal  A resulting  from  the  geometrical 
adding  of  direct  signal  N and  multipath  signal  S is  a circle  in  the  simple  case  of 
specular  reflection  and  one  plain  reflector  only. 

•If  there  are  several  multipath  signals  from  various  reflectors  in  different  direc- 
tions the  resulting  locus  of  the  normalized  signal  diagram  is,  of  course,  no  longer  a 
circle,  but  completely  unpredictable,  as  is  indicated  in  Fig.  4. 

For  the  case  of  2 multipath  components  arriving  with  a +10°  and  -10°  spatial  offset 
from  the  direct  signal,  and  having  0.7  and  0.2  resp.  the  amplitude  of  this  signal,  a 
phase  plot  for  a 5 A linear  array  with  32  elements  is  given  in  Fig.  5.  From  this  plot 
it  is  apparent  that  enormous  phase  errors  result  from  employing  small  apertures.  For 
example,  if  one  measures  the  difference  of  phase  between  the  elements  10  and  11  and 
between  17  and  18,  these  two  results  are  completely  unusable.  However,  if  one  measures 
phase  difference  between  elements  1 and  32,  one  gets  a much  better  result  due  to  the 
averaging  effect  of  the  wider  aperture. 

This,  of  course,  is  standard  knowledge,  and  wide  aperture  systems  are  being  used  ex- 
tensively. These  systems,  however,  provide  mechanical  problems  at  lower  frequencies 
for  mobile  applications,  as  was  mentioned  earlier.  It  is  therefore  desirable  to  search 
for  more  efficient  multipath  error  reduction  methods  than  just  wide  aperture  phase 
processing. 


Basic  Error  Reduction  Approach 

Based  on  the  normalized  signal  diagram  sketched  in  Fig.  6 an  error  reduction 
approach  has  been  evaluated  that  is  based  on  a rather  simple  algorithm.  This  approach 
is  easily  understood  for  the  case  of  a circular  locus  of  the  normalized  signal  diagrams, 
i.e.  one  multipath  signal  only. 

Fig.  6 shows  two  possible  antenna  configurations,  a 3-element  and  a 4-element  array, 
with  the  related  normalized  signal  diagrams.  It  qan  easily  be  seen  that  the  3-element 
case  is  a special  one  of  the  more  general  4-element  case. 

If  the  antenna  elements  are  spaced  equidistantly  as  sketched,  from  the  very  geometry 
of  the  normalized  signal  diagram  it  is  apparent  that  each  diagram  includes  two  distances 
or  lines  z of  equal  length.  Therefore,  in  the  case  of  the  3-element  approach,  the  follow- 
ing is  valid: 


A12+A22  - 2A|A2  cosCAc^-AP)  = a22+Aj2  - 2A2Aj  cos(Aa2-A0)  (1) 

A1,  A,,  A,  are  the  measured  signal  amplitudes ,Aa  , andAa2  the  measured  phase  differences 
and  Apis  the  undistorted  phase  necessary  to  determine  the  DOA.  A similar  algorithm  can 
be  derived  in  the  case  of  the  4-element  array. 

Formula  (1)  leads  to  a quadratic  equation,  one  solution  of  which  is  the  desired  AP  . 

The  other  solution  refers  to  the  DOA  of  the  multipath  component  involved. 


In  the  described  case  one  always  gets  the  exact  DOA  independent  from  aperture.  In  the 
real  world,  however,  with  Its  more  complex  multipath  and  receiver  noise,  there  are 
limitations.  In  order  to  evaluate  what  the  limitations  are  and  how  they  might  be  neu- 
tralized, a test  system  was  designed  and  evaluated.  This  test  system,  comprising  a 
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amplitude  values  in  a digital,  storable  form.  These  32  pairs  of  data  for  each  "scan" 
were  used  to  process  them  using  the  3-element  or  4-element  approach,  as  will  be  des- 
cribed later. 


Test  Set-Up 

The  test  set-up  that  was  used  for  collecting  real,  clearly  defined  signal  samples 
of  a given  aperture  is  shown  in  Pig.  7*  In  a truck  the  1 GHz,  pulsed  transmitter  feeding 
3 directional  antennas  was  operated.  Signals  feeding  the  antennas  could  be  varied  in 
phase  and  amplitude.  The  3 antenna  elements  were  set  equidistantly . 

Another  truck  about  200  m away  carried  two  receivers  that  were  connected  to  two 
antennas,  one  of  which  was  fixed  and  used  as  a reference,  while  the  other  was  movable 
on  a rail  over  a 5 X range.  The  movable  antenna  was  used  to  sample  over  aperture  the 
sigual  xesulTlhg  fj.- uiu  the  iiAeiTex ei.Ce  of  the  tluee  sig.i&ls  ti ansmitted  from  the 
3 directional  antennas  of  the  first  truck.  The  measurement  results  for  a chosen  inter- 
ference situation  were  stored  on  a punched  tape. 

There  were  required  several  provisions  to  stabilize  this  test  set-up  and  to  avoid 
drifts  during  the  measurement  of  one  set  of  32  signal  samples  that  could  be  taken.  The 
two  most  important  were  crystal-controlled  transmitter  and  receivers,  and  a warm-up 
time  of  about  30  minutes  before  taking  measurements. 

The  movable  antenna  could  be  locked  in  32  positions,  defined  by  precision  holes  in 
the  rail.  Thus  each  position  was  exactly  reproducible  at  any  time. 

Fig.  8 gives  a more  detailed  block  diagram  of  transmitter  and  receivers.  It  should 
be  emphasized  that  the  receiver  for  the  movable  antenna  had  to  be  operated  not  with 
an  antuffiatic,  tut  a manual  gain  control.  In  order  to  detect  tii=  amplitude  variutiuha 
of  the  interfered  radio  signal  over  aperture. 

Of  course,  the  receivers  had  to  be  carefully  calibrated  with  regard  to  amplitude  and 
phase  response  at  various  signal  levels. 


Test  Results 

The  measured  signal  samples  (32  phase/amplitude  pairs  for  each  "scan")  were  taken 
3 each  from  equidistant  positions  and  submitted  to  the  algorithm  (1)  given  before. 

The  phase/amplitude  pairs  were  measured  with  1 X error  in  amplitude  and  1°  error  in 
phase.  This  led  to  partly  significant  errors  of  the  computed  result  for  a sing?.. 
3-element  array  as  soon  as  there  were  2 multipath  components.  Therefore  severa'  results 
of  different  3-element  arrays  were  averaged  using  various  methods. 

Fig.  9 shows  how  the  method  of  averaging  influences  final  accuracy.  Although  this 
is  not  very  satisfactory,  it  can  lead  to  an  improved  performance  of  df  systems  with 
limited  aperture  compared  to  conventional  systems  using  phase  processing  only. 

No  averaging  was  performed  of  results  derived  from  different  "scans".  Thus  time 
"diversity"  offers  an  additional  method  of  averaging,  which  is  very  familiar  and 
effective,  particularly  when  there  are  moving  sources  or  multipath  signals  varying 
because  of  scatter  effects,  for  example. 


Application  of  Principle  to  Adcock  DF 

The  3-element  and  4-element  approach  can  easily  be  applied  to  Adcock  df  systems  pro- 
vided each  antenna  element  of  such  a system  is  equipped  with  its  own  receiver,  and  the 
receivers  are  coherent.  Assuming  there  is  a 4-element  Adcock  group  with  middle  antenna 
then  the  3-element  and  the  4-element  algorithm  (see  Fig.  5)  can  be  applied  twice  each. 
Doing  so  one  gets  two  sets  of  solutions  the  ratio  of  which  is  the  DOA,  as  is  shown  be- 
low. 

If  1,  2,  3,  4,  m are  the  designations  of  the  5 antem-s,  then  Aj,  A-,  A,,  A^,  Am  are 
the  measured  signal  amplitudes  at  each  antenna.  The  measured  phase  differences  are 
Oj-Oj  =a12,«2"a3  - a 2 3*  a 3~aU  =a34,a4’,<Jl  sa4l’  In  addif'i°n  the  Phase  differences 
alm*  am3*  °2m*  am4  can  be  measui'ed  (antennas  l-m-3  and  2-m-4  form  a 3-element  array 
each) . 


These  measured  data  are  used  to  compute  respective  phase  differences  AP,  via 
following  formulae  1 
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cos(a4ni-Ap2) 
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(4) 

cos(a23-AP4) 
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These  formulae  provide  Apj,  Ap2»  Apj,  A0 ^ . The  DOA  is 

Api  /AP,\ 

4>  = arc  tg  — = arc  tg  — ^ 1+  n/4 

AP  2 \Wk/ 


The  two  results  can  be  averaged  to  get  the  most  probable  value  if  they  differ  from 
each  other. 

Pig.  10  shows  the  block  diagram  of  such  an  upgraded  Adcock  DP.  The  two  most  im- 
portant features  - besides  the  multiple  coherent  receivers  - are  the  phase /amplitude 
measuring  device  and  the  minicomputer  or  - even  better  - microprocessor.  Existing 
Adcock  stations  thus  can  be  upgraded  at  reasonable  cost  to  provide  both  conventional 
operator-based  CRT  display  and  unattended  automatic,  computer-based  multipath 
resistent  operation. 


Modifications  of  Basic  Approach 

In  order  to  find  out  whether  other  algorithms  than  the  ones  already  discussed  might 
provide  improved  results  a variety  of  algorithms  based  on  ratios  and  similarities  of 
distances  and  triangles  in  the  normalized  signal  diagram  were  evaluated.  Though  in  the 
case  of  one  specular  reflector  only  there  is  no  better  than  the  3-  or  4-element  al- 
gorithm as  discussed,  it  appeared  to  be  advantageous  in  a multiple  interference  environ- 
ment to  apply  algorithms  like  the  one  given  in  Fig.  11.  Based  again  on  the  measurable 
values  Aj,  A2,  A^,  a^2,  “23  °**  a 3-element  linear  antenna  array  applying  the  equation 
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_ . 


x2  + AAj2 


y + AA, 


leads  again  to  an  "undistorted"  phase  difference  Pi2*  course,  this  solution  con- 
tains an  error,  as  the  equation  above  is  only  correct  if,  in  Fig.  11,  the  shaded 
triangles  are  really  similar  ones.  This,  however,  normally  is  not  the  case,  though 
with  every  locus  this  can  be  assumed  as  an  approximation  if  the  points  1,  2 and  3 
are  close  enough  to  each  other.  Anyway,  the  discussed  approach  never  leads  to  an 
exact  solution,  but  comprises  an  estimation  only. 

This  estimation,  however,  can  improve  results  by  a factor  of  2 to  3 compared  to 
pure  phase  processing  in  a multipath  environment,  as  can  be  seen  in  Fig.  12a  and  12b. 

In  these  figures  simulation  results  for  a 17* 5 * , 40  element  linear  array  and  a 
10. 6 X , 32  element  circular  array  are  shown,  which  give  a comparison  of  phase  pro- 
cessing vs.  phase/amplitude  processing  using  the  estimator  approach  of  Fig.  11. 

The  multipath  environment  is  very  similar  in  both  cases  (linear  and  circular  array). 
Parametexs  are  the  initial  phase  and  the  DOA  of  the  stronger  (0.5)  interfering  signal, 
while  the  weaker  (0.2)  interfering  signal  always  has  the  same  initial  phase  and  DOA. 

In  Fig.  12a  for  the  linear  array  there  is  shown  no  error  between  zero  and  1°  elevation. 
This  is  due  to  a program  property  and  should  not  be  considered  as  real. 

It  is  apparent  from  both  figures  that  better  results  are  given  by  the  estimation 
approach  particularly  at  small  differences  of  DOAs  of  direct  and  strong  multipath 
signal.  This  property  may  be  advantageous  for  low  flyer  detection  as  well  as  long 
distance,  over-the-horizon  DF. 

Anyway  the  improvement  potential  of  such  estimator  approach  can  be  used  either  to 
increase  locating  accuracy  or  to  reduce  aperture. 


It  might  be  interesting  to  consider  to  more  depth  the  relation  between  the  approaches 
discussed  here  and  the  usual  imagination  of  directional  diagrams,  when  phase/amplitude 
processing  is  involved.  At  the  first  glimpse,  at  least,  there  is  no  apparent  relation 
visible. 


Conclusions 

Most  severe  limitation  of  single  site  df  systems  is  a multipath  environment.  While 
overcoming  this  limitation  by  use  of  wide  apertures  is  a well-known  technique,  cost  and 
mobility  considerations  often  demand  a different  approach. 

U:.  phased  amputate  .lgn.ll  tbeasufuujh*  at  iiser^tt  point,  of  .pertureb, 
even  of  small  ones,  appears  to  provide  a tool  for  more  effective  signal  processing  using 
mini-  or  microcomputers. 

As  one  of  a variety  of  possible  processing  approaches  a normalized  signal  diagram  was 
*b»r  iiJLo#*  f«  new,  ? Amp  1*  eigo*Athfce,  wAeb  be  ImpteBrefited 

at  very  low  hardware  cost. 

Using  the  discussed  methods  Adcock  df  upgrading  and  low  flyer  detection  equipment 
may  be  two  of  a variety  of  advantageous  applications. 
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ig.5  Typical  Phase  Function 

Distorted  By  Multipath 
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g.6  Basic  Multipath  Error  Reduction  Approach 
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NOTE  RESULTS  WERE  ACHIEVED  USING  WEIGHTED  AVERAGING 
~ OF  ANGLES  DELIVERED  BV  3-ELEMENT-METHOD  APPLIED 
TO  MEASURED  PHASE  /AMPLITUDE  VALUES  AT  DIFFERENT 
ELEMENT  GROUPS  OF  THE  5X  APERTURE.  METHOD  OF 
AVERAGING  IS  INFLUENCING  FINAL  RESULTS  RATHER  STRONGLY. 


Samples  of  Test  Results 


HF/IF-RECEIVERS 
(5  COHERENT  REG 


AMPLITUOE  AND  PHASE 


A/D-CONV. 


COMPUTER  INTERFACE 


MINI-UR 

MICRO-COMPUTER 


OUTPUT  INTERFACE* 
NUMERICAL  DISPLAY 


PROCESSOR 


CRT-ots;:  ay 


Block  Diagram  of  3/4 -Element 
Adcock  OF 


Fia  12a 


Some  Simulation  Results 


SINGLE  FREQUENCY  USE  OF  THE  NAVY  NAVIGATIONAL  SATELLITE  SYSTEM 


by 

Abraham  Shuval  and  Jonathan  Mass 
National  Committee  for  Space  Research 
Radio  Observatory,  P.O.B.  4655 
Haifa,  Israel 


ABSTRACT 

In  the  US  Navy  Navigational  Satellite  System  (NNSS)  simultaneous  transmission  and 
reception  on  two  frequencies  is  normally  used  in  order  to  overcome  the  navigation  error 
caused  by  the  ionosphere. 

The  navigation  error  caused  by  the  ionosphere  while  using  one  frequency  only  is 
investigated. 

Several  ways  to  reduce  the  navigation  errors,  while  receiving  on  one  frequency  only, 
are  discussed. 

It  is  shown  that  one  frequency  only  (400  MHz)  could  be  used  if  a small  increase  in 
average  time  between  navigation  fixes  and  an  accuracy  of  about  200  m are  tolerable. 


1.  INTRODUCTION 

The  use  of  satellites  for  world-wide  accurate  navigation  especially  for  ships  is  by  now  well  established. 

The  US  Navy  is  now  operating  a system  of  6 sate!i:tes  in  low  altitude  polar  orbits  - the  US  Navy  Navigational 
Satellite  System  - NNSS1. 

These  satellites  transmit  continuous  radio  transmissions  on  about  150  and  400  MHz,  and  also  time  signals  and 
accurate  information  on  their  orbital  parameters. 

A user  on  earth  measures  the  Doppler  shifts  of  these  two  frequencies  and  from  these,  together  with  the  transmitted 
information,  can  determine  his  position  on  earth  to  an  accuracy  of  20-40  meters  (for  a stationary  user)2. 

The  ionosphere  is  one  of  the  sources  of  errors  in  the  NNSS  - due  to  the  mfluence  of  it’s  refractive  index  on  the 
phase  velocity  of  the  radio  waves. 

The  method  used  to  correct  for  the  first  order  ionospheric  error  is  the  two-frequency  method  based  on  the  fact  that 
the  Doppler  shift  distortion  caused  by  the  ionosphere  is  a function  of  frequency,  thus  allowing  to  eliminate  that  distor- 
tion by  comparing  the  Doppler  shift  curves  at  two  frequencies1’*. 

In  many  cases  however,  the  extreme  accuracy  of  the  system  is  not  needed  and  cheaper  receiving  equipment  (one 
frequency  only)  might  be  used.  The  navigation  error  caused  by  the  ionosphere  while  receiving  one  frequency  only  will 
be  calculated,  and  several  ways  to  decrease  this  error  will  be  discussed.  These  include  mainly  using  a model  ionosphere 
and  relative  navigation. 

It  is  shown  that  one  could  use  one  frequency  only  together  with  a model  ionosphere,  or  use  a mode  of  relative 
navigation,  and  achieve  navigation  accuracy  of  about  200  m if  one  could  tolerate  a small  increase  in  the  average  time 
between  passes. 


2.  THE  NNSS 

This  navigation  system  consists  today  (1975)  of  6 satellites  in  an  almost  circular  polar  orbit,  about  1000  km  height. 
Each  satellite  transmits  a CW  wave  on  about  1 50  and  400  MHz.  Also,  each  satellite  transmits  it’s  orbital  parameters  and 
time  signals  by  phase  modulation.  The  orbital  parameters  transmitted  are  taken  from  a memory  inside  the  satellite. 


m 


Tht  iaT  amtaiiin  irtfi.  th»  o;mM  from  an  Inaction  Station  which  receives  thp  orbital  data  from  a computing 

center,  and  transmits  it  to  the  satellite  once  every  12-14  hours.  The  computing  center  receives  the  results  of  measure- 
ments of  several  tracking  stations  around  the  earth,  and  from  these  data  computes  the  current  orbital  data  and  predicts 
the  orbit  12-16  hour:  ahead.  This  information  is  transmitted  to  the  Injection  Station  and  from  it  to  the  satellite.  The 
Injection  Station  also  corrects  the  satellite’s  clock  which  controls  the  time  signals  (every  2 minutes).  For  obtaining  a 
complete  navigation  fix,  reception  of  one  satellite  only  is  needed. 

Figure  1 illustrates  the  passage  of  a satellite  transmitting  a frequency  fT  above  a receiving  station  on  earth. 

The  satellite  is  in  an  almost  circular  polar  orbit,  about  1000  km  height.  Points  1 ; 2;  3;  4;  5 are  the  points  where  the 
satellite  had  been  at  times  t, ; t2 ; t3 ; t4 ; t5  correspondingly. 

Sj  - are  the  distances  between  satellite  and  station  at  the  times  tj , and  the  angles  ij  are  the  angles  between  the 
ray’s  direction  and  the  vertical  at  the  “center”  of  the  ionosphere,  i.e.,  the  zenith  angle  of  the  satellite  at  the  “center”  of 
the  ionosphere  (the  “center”  of  the  ionosphere  is  usually  between  350  to  400  km  height,  as  will  be  mentioned  later). 

The  navigating  station  receives  the  satellite’s  transmissions,  decodes  the  orbital  data  and  performs  what  is  called  the 
Doppler  Integral,  i.e.,  counting  cycles  of  the  received  frequency  between  each  two  successive  time  marks.  This  is  better 
explained  in  Figure  2. 

In  the  figure,  a typical  curve  of  the  received  frequency  fr  as  a function  of  time  is  shown.  The  received  frequency 
fr  is  shifted  from  the  transmitted  frequency  fT  due  to  the  Doppler  effect  (dotted  line).  The  influence  of  the  ionosphere 
is  shown  by  the  solid  line  and  is  manifested  by  the  fact  that  the  slope  of  the  curve  is  smaller,  which  means  that  the 
satellite  seems  to  be  at  a larger  distance  from  the  station  than  it  actually  is. 

The  actual  instrumentation  on  the  ground  beats  the  received  signal  with  a locally  produced  signal  of  frequency  fG  , 
and  counts  the  number  of  cycles  of  the  frequency  of  difference  (fG  — fr)  between  each  two  successive  time  points.  That 
is  - the  number  of  cycles  counted  between  the  times  t,  and  t2  — N12  is  given  by 

NtJ  = Jtj(fG  -fr)dt  (1) 

(ignoring  at  this  time  the  influence  of  the  ionosphere). 


N,j  corresponds  to  Au  in  Figure  2,  which  in  turn  is  the  complementary  of  BI2  to  the  area  (fG  — fr)*(t2  — t, ). 

Bl2  is  the  Doppler  integral  and  is  equal  to  the  distance  difference  (S2  — S] ) expressed  in  wavelengths  (as  will  be 
shown  later). 


The  navigation  procedure  requires  the  measurement  of  a number  of  areas  - Ay  . The  orbital  data  and  time 
information  (from  which  the  satellite’s  position  at  time  tj  can  be  determined)  are  given  to  a computer  optimization 
program  which  varies  the  station’s  coordinates  until  a best  fit  (in  the  least  square  sense)  to  the  cycle  counts  - Nj(j+  )( 
is  achieved.  The  result  of  the  optimization  is  of  course  the  coordinates  of  the  station. 

The  measured  accuracy  of  the  system  for  a stationary  station  is  quoted  as  20-40  meters*.  This  means  that  all 
sources  of  navigation  errors  - uncertainty  of  satellite  position,  influence  of  ionosphere,  instrumentation  noise  errors  etc., 
have  been  eliminated  almost  completely. 

In  many  cases  however,  the  extreme  accuracy  of  the  system  is  not  needed  and  one  is  ready  to  trade  off  between 
accuracy  and  price,  i.e.,  one  is  ready  to  accept  a somewhat  lower  accuracy  system  at  lower  prices. 

The  costly  parts  of  the  equipment  are,  of  course,  the  dual  frequency  receiver  and  the  computer. 

Hence,  using  one  frequency  receiver  (if  possible)  and  other  means  of  calculations  could  reduce  the  price  of  the 
equipment  needed  for  navigation. 

The  practical  solution  for  the  computer  problem  is  to  perform  the  calculations  in  a computing  center  which  can 
serve  a whole  area.  The  computing  center  receives  the  results  of  the  measurements  from  the  navigating  stations  by  radio 
telephone  or  any  other  means  of  communication,  performs  the  calculations  and  sends  this  information  back. 

Reception  on  one  frequency  only  means  not  correcting  the  influence  of  ionosphere  and  therefore  introducing  a 
navigation  enor. 

This  work  deals  with  computation  of  the  navigation  error  due  to  the  uncorrected  influence  of  the  ionosphere  and 
some  ways  to  overcome  this  source  of  navigation  error. 


3.  INFLUENCE  OF  THE  IONOSPHERE  ON  NNSS  TRANSMISSIONS 


The  frequency  received  on  the  ground  fr  is  given  by 

fr  = fT  + Af  i 

where  Af  is  the  Doppler  frequency  shift  introduced  by  the  relative  motion  of  the  satellite  to  the  navigating  station 


fr  d * 

Af  = • — j nds 

r*  fit 


n is  the  refractive  index  of  the  ionosphere,  c the  velocity  of  light  in  vacuum.  The  integral  is  the  optical  path  length  of 
the  ray  from  the  satellite  to  the  station,  and  would  be  equal  to  the  geometrical  distance  S (Fig.l)  if  no  ionosphere  were 
present,  e.g.,  if  n = 1 all  along  the  path.  It  is  assumed  when  differentiating  the  integral  that  the  satellite’s  movement  is 
negligible  during  the  time  it  takes  the  transmission  to  cover  the  distance  from  satellite  to  ground.  Were  it  not  for  the 
ionosphere,  Af  would  measure  the  relative  velocity  between  satellite  and  ground. 

Using  the  very  frequency  approximation  of  the  Apple ton-Hartree  formula  for  the  refractive  index  as 

e’Ne 

n = 1 - = 1 - aNe  (4) 

Sjreo'mff1 

where  Ne  is  the  density  of  free  electrons  in  the  ionosphere,  e — electron  charge,  m — electron  mass  and  e0  — the  permit- 
tivity of  space.  From  Equation  (4)  it  can  be  seen  that  a is  a constant  proportional  to  fr”J . Substituting  into  (3),  and 
then  substituting  the  result  into  (2)  and  then  to  (1)  one  gets4 


N,j  = (fG  — fr)(t»  — tt)  + — (Si  — S,)  — — a T / Neds-  j Ne dsl . 

c c L Sj  "»!  J 


The  first  member  of  the  right  hand  side  is  a constant  because  fT,  f(j  , t}  and  t,  are  known. 

The  second  member  is  the  number  of  wavelengths  in  the  geometrical  difference  between  distances  (Sj  — St)  and 
represents  the  "pure”  Doppler  effect. 

The  third  member  represents  the  influence  of  the  ionosphere  and  is  manifested  by  the  difference  between  the  two 
integrals.  In  order  to  calculate  the  integrals  one  substitutes  into  (5)  the  expression 

ds  = dh  sec  i (6) 

where  dh  is  an  element  of  height,  and  i is  the  zenith  angle  of  the  ray  at  each  point  along  the  ray’s  path. 


The  result  is 


f f 

NtJ  = (fG-fT)(tj-t,)  + — (S,-S,) — - • a • [< sec  i2 > Ia  — < sec  i,  > I, J 


where  I is  the  Total  Electron  Content  (TEC)  and  is  given  by  the  expression 


/•hs 

I = j Neds 


where  hs  is  the  satellite’s  height. 

The  TEC  is  therefore  the  number  of  free  electrons  in  a column  of  1 m5  cross-section  area  and  height  of  hs . 

(sec  i>  - is  the  value  of  sec  i at  the  "center”  of  the  ionosphere,  usually  taken  at  the  height  of  350  to  400  km.  The 
assumption  that  sec  i is  constant  and  the  "center”  of  the  ionosphere  is  of  course  an  approximation,  and  it  introduces  an 
error  (depending  on  the  profile  of  Ne  as  a function  of  height)  that  can  be  neglected’. 

The  use  of  n = 1 - aNe  represents  a drastic  abbreviation  of  the  full  Appleton-Hartree  formula6  and  is  justified  for 
frequencies  above  100  MHz  (References  4 and  5). 

Another  approximation  tacitly  used  is  the  neglect  of  the  bending  in  the  ray’s  path  due  to  refraction  which  would 
require  corrections  to  Equation  (5)  which  was  based  only  on  the  change  in  phase  velocity  and  assumed  a straight  line  ray 
path  from  satellite  to  ground. 

Tucker  and  Fannin3  have  shown  that  at  the  frequencies  of  interest  - the  bending  of  the  ray  may  be  neglected. 
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4.  NAVIGATION  ERROR  IN  THE  NNSS  WHILE  RECEIVING  ONE  FREQUENCY 

In  order  to  understand  the  calculation  of  the  navigation  error,  a little  more  information  on  the  optimization  program 
used  in  the  calculation  of  position  of  the  ground  station  is  needed. 

The  user  in  the  navigating  station  performs  Doppler  counts  (integrals)  and  can  write  about  8 * 9 equations. 

Nj(i+ 1)  = (fG  - fT)(ti+ , - tj)  + (fx/c)(Si+  j - Sj)  (9) 

1 < i < 8, 9 . 

Equation  (9)  is  derived  from  Equation  (7)  by  neglecting  the  influence  of  the  ionosphere  (as  is  actually  done  in  the 
NNSS  after  the  two  frequency  correction). 

The  left  hand  side  of  (9)  (for  all  i ) are  the  results  of  the  Doppler  counts  during  the  times  (tj+  j — tj) . The  time 
difference  (tj+  j — tj)  is  a constant  of  the  system  controlled  by  the  satellite’s  clock  ( 1 20  sec.). 

In  every  equation  there  are  three  unknowns  - longitude  and  latitude  of  the  ground  station  (as  manifested  in 
Sj+  j — Sj  when  the  satellite’s  position  is  known  from  the  information  that  it  transmits)  and  the  frequency  difference 
(fG  — fT)  (taking  into  account  the  drifts  of  the  satellite’s  clock  and  of  the  local  oscillator  in  the  navigation  receiver). 

For  the  solution  of  these  equations  an  initial  solution,  not  too  far  from  the  real  solution  (up  to  about  100  km)  is 
assumed.  From  this  initial  solution  the  right  hand  side  of  (9)  can  be  calculated  — Nj(j+j) , and  the  merit  function  - M 
is  calculated. 

M = ?(Nj(i+1)-Nf{i+))J).  (10) 

The  optimization  program  changes  the  three  variables  until  M is  minimized. 

The  optimization  procedure  depends  on  the  computer  available  and  the  required  time  to  obtain  results. 

For  the  calculations  of  the  navigation  errors  a computer  program  was  written  to  determine  the  Doppler  frequency 
counts  of  a satellite’s  pass  when  the  coordinates  of  the  station,  frequency  of  transmission  and  the  6 orbital  elements 
describing  the  satellite’s  orbit  are  known. 

Tne  .rbltat aLmnti  uti1  wto  ihcnc tu*vElu(i  will  ilndr  Jarimhu  fcy  in  rhf  “five  It . 

Orbital  Elements  Sets”  as  a regular  service. 

Another  input  to  the  program  is  the  TEC.  The  total  ionospheric  electron  content  has  been  studied  quite  extensively 
since  satellite  techniques  became  available 10  and  it’s  behaviour  in  low  and  medium  latitude  is  well  known.  It  shows  a 
strong  diurnal  variation  with  about  10: 1 day  to  night  ratios,  strong  solar  cycle  variations  (~  5:1)  and  also  strong  seasonal 
and  latitudinal  dependence.  Not  only  the  TEC  contributes  to  the  navigation  errors  but  also  the  horizontal  changes  in  the 
TEC,  usually  called  horizontal  gradients.  There  are  longitudinal  changes  which  correspond  fairly  accurately  to  the 
changes  with  local  time  at  a fixed  location.  The  latitude  changes  depend  mostly  on  solar  zenith  angle,  but  there  is  also  a 
considerable  influence  to  the  earth’s  magnetic  field  which  is  asymmetric  with  respect  to  the  equator. 

The  TEC  itself  and  it’s  horizontal  gradients  - the  north-south  (N-S)  gradient  and  the  east-west  (E-W)  gradient  are 
also  given  as  inputs  of  the  computer  program. 

The  output  of  the  program  includes  the  satellite’s  coordinates  as  function  of  time,  and  the  results  of  the  Doppler 
integral  that  whould  have  been  measured  at  the  navigating  station.  The  Doppler  counts  are  calculated  for  two  cases, 
with  and  without  the  influence  of  the  ionosphere  according  to  Equation  (7). 

If  the  results  of  the  Doppler  measurements  that  were  calculated  without  the  influence  of  the  ionosphere,  are  given  to 
the  optimization  program,  then  the  result  would  be  the  real  location  of  the  navigating  station,  but  if  Doppler  Integrals 
that  were  calculated  while  taking  into  account  the  influence  of  the  ionosphere  are  given,  then  the  results  would  be 
another  location.  The  difference  between  this  location  and  the  real  one  is  the  navigation  error. 

It  should  be  noted  that  for  these  calculations  the  optimization  parameters  were  longitude  and  latitude  of  navigating 
station,  while  the  frequency  difference  (fG  — fT)  was  assumed  to  be  constant.  This  was  done  because  only  the  influence 
of  the  ionosphere  was  sought. 

These  calculations  were  performed  for  one  NNSS  satellite  (1968  - 012  A).  It  does  not  really  matter  which  one 
because  the  orbits  of  the  satellites  are  very  similar.  The  results  are  shown  in  Figure  3 (Ref.  1 1 ). 

In  the  figure,  the  total  navigation  errors  caused  by  the  ionosphere  while  receiving  on  one  frequency  only  (400  MHz) 
are  shown  as  a function  of  ground  distance  (ground  distance  is  defined  as  the  distance,  on  ground,  from  the  navigating 
iiiiirti  l£  ottfPtc  gr  p dii  at  (iu.  clfsft  approach  point)  and  TEC  a*  » (.arime ter 


It  can  be  seen  that,  the  closer  the  station  is  to  the  satellite’s  ground  track,  and  the  higher  is  the  TEC  - the  greater 
are  the  navigation  errors. 

For  this  particular  case  the  horizontal  gradients  of  TEC  were  assumed  to  be  zero. 


5.  CORRECTION  OF  IONOSPHERIC  ERRORS 

If,  for  the  practical  reasons  mentioned  above,  one  prefers  to  use  one  frequency  receivers  only,  then  there  are  several 
ways  (less  powerful  than  the  2-frequency  method)  to  reduce  the  ionospheric  navigation  error: 

(a)  Navigation  using  estimated  ionospheric  corrections,  in  which  the  ionospheric  TEC  is  estimated  using  model 
ionospheres. 

(b)  Simple  differential  navigation,  in  which  the  navigation  results  are  compared  to  those  obtained  at  almost  the  same 
time  at  a fixed  and  known  ground  station,  not  too  far  away  (up  to  approximately  500  km)  from  the  navigating 
station.  The  same  corrections  in  latitude  and  longitude  arc  applied  at  the  navigating  station,  as  those  required 

at  the  fixed  and  known  station. 

(c)  Differential  navigation,  in  which  the  received  signals  are  retransmitted  to  a fixed  and  known  master  station, 
there  to  be  compared  to  the  locally  received  signals,  and  treated  to  obtain  directly  the  position  of  the 
navigating  station  relative  to  the  master  station.  A similar  method  was  suggested,  for  instance,  by  Farkas13,  for 
2-frequency  reception.  It  does  not  seem  to  be  practical  for  a simplified  one  frequency  system. 

(d)  Relative  navigation  in  which  a fixed  and  known  master  station  measures  the  ionospheric  parameters  influencing 
the  satellite  signal,  estimates  those  applicable  at  the  site  of  the  navigating  station  for  correcting  it's  ionospheric 
error. 

In  the  first  method  (a),  the  error  is  due  to  the  variability  of  the  ionospheric  TEC  relative  to  the  model.  At  large 
TEC  values  this  is  approximately  ± 25%  (Ref.  13).  It  can  therefore  be  assumed  that  the  total  error  due  to  the  ionosphere 
is  cut  to  about  25%.  It  can  be  seen  on  Figure  3 that  the  error  is  practically  linear  with  TEC  (see  also  Figures  11,  1 2 in 
Reference  14).  In  Figure  4 (Ref.  15)  the  total  ionospheric  error  at  400  MHz  is  plotted  fora  TEC  of  4.1017  el/m3  as 
function  of  ground  distance  - curve  1 (actually  this  is  the  curve  for  that  particular  TEC  value  in  Figure  3,  but  drawn  in  a 
linear  scale). 

Curve  2 in  Figure  4 represents  the  error  reduced  to  25%  by  the  estimated  ionospheric  correction,  as  in  paragraph  (a). 

The  error  in  the  simple  differential  navigation  (para.(b))  is  shown  in  Figure  4,  curve  3.  This  curve  is  obtained  simply 
by  deducting  the  ionospheric  error  of  the  fixed  station  from  the  error  of  the  navigating  station  on  Figure  3 (this  can  be 
done  since  the  navigation  errors  are  mainly  longitudinal"’14,  so  that  the  simple  deduction  in  one  direction  is  a good 
approximation).  It  was  assumed  that  the  fixed  station  is  400  km  closer  to  the  satellite  ground  path  than  the  navigating 
station.  For  smaller  distances  between  the  two  stations  the  errors  will  be  proportionally  smaller. 

Curve  3 begins  to  exceed  even  the  total  ionospheric  errors  at  700  km  because  then  the  fixed  station  gets  too  close  to 
the  satellite’s  path. 

Curve  5 is  the  same  as  curve  3,  shifted  400  km  to  the  left  and  represents  the  error  when  the  fixed  station  is  400  km 
farther  away  from  the  satellite  ground  path  than  the  navigating  station. 

The  error  in  relative  navigation  depends  of  course  on  the  accuracy  of  the  TEC  measurement  and  a* so  on  the  extra- 
polation of  the  TEC  from  the  fixed  station  to  the  point  relevant  to  the  navigating  station.  There  are  sev;ral  ways  to 
measure  the  TEC,  but  for  practical  reasons  it  is  better  to  measure  the  TEC  with  a dual  frequency  navigation  receiver  at 
the  fixed  station". 

The  measuring  procedure  is  as  follows:  the  fixed  station  receives  the  NNSS  transmission  on  the  two  frequencies 
fT1  = 399968  KHz  and  fTJ  = 149988  KHz,  beats  them  with  two  ground  frequencies  fC)  = 400000  KHz  and 
*C2  = 150000  KHz  respectively,  and  performs  two  Doppler  counts  and  N3(|+j)  between  successive  time 

marks  at  the  two  frequencies. 

The  expressions  for  the  Doppler  integrals  are  the  same  as  (7)  - after  inserting  there  the  appropriate  frequencies  (not 
neglecting  the  - a term  according  to  (4)).  It  can  easily  be  seen  that 

Ni(i+D_7NKi+i)  = ~j2 ' ;eo~L~f^  ’ i<secii+i>,i+i-<secii>,ii  • <n> 

For  each  measurement  there  are  3 unknowns  - the  TEC  at  the  beginning  and  the  end  of  the  measurement  interval 
(according  to  the  geometry  between  satellite  and  station)  and  the  height  of  the  “center”  of  the  ionosphere. 


But,  because  the  satellites  are  in  polar  orbits,  they  pass  the  observer’s  horizon  only  in  a North-South  (N-S)  direction 
and  the  signals  they  transmit  are  influenced  by  the  TEC  and  it’s  changes  in  that  direction  only. 

Hence  the  number  of  unknowns  can  be  reduced  to  3 - namely  the  TEC  at  the  point  relevant  to  the  fixed  station, 
it  s nonn-soum  cnanges  tnat  can  oe  represented  oy  a linear  N — S gradient  Unis  nolus  for  most  cases,  especially  in  mia- 
latitudes  and  relatively  small  distances  - up  to  500  km)  and  the  height  of  the  center  of  the  ionosphere. 
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suitable  optimization  procedure. 

The  east-west  (E-W)  changes  can  be  represented  by  an  E-W  linear  gradient  that  can  be  estimated  from  average 
graphs  showing  the  diurnal  variation  of  TEC  as  function  of  local  time  (one  degree  of  longitude  is  equivalent  to  4 minutes 
of  time  on  the  diurnal  variation  curve). 

Estimating  the  accuracy  of  the  TEC  measurement  by  the  2-frequency  method  as  5%  (Refs  8,  16),  and  a maximal 
error  of  5 % due  to  the  N-S  gradient  extrapolation  (gradient  variability  due  to  Travelling  Ionospheric  Disturbances  and 
other  sources13’16,  one  gets  for  a TEC  of  4-1017  el/m1  a remaining  worst-case  TEC  error  of  4*1016  el/m1. 

A small  error  in  estimating  the  E-W  gradient  is  about  2 * 1 016  el/m1 . (11) 

So,  in  the  relative  navigation  mode,  the  uncorrected  ionospheric  TEC  is  about  6*  10*6  el/m1  (for  TEC  — 4*  1017  el/m1). 
Tnii  rtsiJnv.  H,v  l'LC  e&nsti  navigation  error  shown  hi  Figure.  5 (For  TfcC  ~ 6 • lo16  elHi,1).  lliis  earvt  fc  -wri  ft,  a 
different  scale  in  Figure  4,  curve  4. 


6.  DISCUSSION 

it  can  oe  seen  from  Figure  4 (curve  2)  that  even  when  receiving  the  NNSS  satellite  at  the  single  frequency  of 
400  MHz  (actually  399.968  MHz)  the  navigation  errors  due  to  the  ionosphere  can  be  reduced  to  below  200  m.,  when  the 
data  is  corrected,  using  a model  ionosphere  (or  ionospheric  prediction)  for  all  passes,  the  ground  path  of  which  (ground 
distance)  is  300-2000  km  away  from  the  station.  Curve  4 shows  that  a more  accurate  evaluation  of  the  ionosphere  using 
actual  measurements  at  a fixed  station  can  reduce  the  errors  by  about  50%  and  extend  the  zone  of  200  m navigation 
error  to  passes  as  near  as  1 70  km. 

The  simple  differential  method  which  is  plotted  for  a fixed  station  400  km  nearer  to  the  satellite’s  ground  path 
(curve  3)  is  seen  to  pass  the  200  meter  mark  already  at  about  880  km.  Even  when  the  fixed  station  is  400  km  farther 
away  from  the  satellite’s  ground  path  (curve  5),  the  200  m error  is  exceeded  already  at  480  km. 

There  seems  to  be  little  advantage  to  this  correction  method,  except  maybe  for  large  distances  (above  1000  km)  to 
the  satellite’s  ground  path.  It  should  be  noted,  though,  that  if  the  distance  between  the  fixed  and  navigating  stations  is 
reduced,  the  200  m error  will  be  exceeded  at  smaller  distances  from  the  ground  path. 

The  practical  problem  is  what  penalty  in  waiting  time  one  has  to  pay  if  one  wishes  to  use  a simpler  navigation. 

In  order  to  answer  that  question  the  following  statistical  computations  were  performed:  a table  of  the  times  of 
passes  of  the  six  NNSS  satellites  was  computed,  from  the  orbital  elements  that  were  published  by  NASA  in  the  “Two 
Lines  Orbital  Elements  Sets”.  (These  are  essentially  the  “Five  Line  Orbital  Elements  Sets”  mentioned  above  in  connec- 
tion to  the  computations  for  Figure  3,  only  that  some  of  the  parameters  that  were  published  in  the  former  case  have  to 
be  computed  by  the  user  as  shown  in  Reference  1 7.) 

The  arbitrary  period  chosen  for  the  statistical  computations  was  100  days  (June  29,  1975  - October  6,  1975)  and 
the  table  was  computed  for  Haifa  (32.857  N,  324,906  W)  as  an  example  of  mid-latitudes.  The  times  between  two  succes- 
sive suitable  satellites  passes  was  considered  as  the  random  variable,  and  a suitable  pass  was  one  that  was  within  the 
ground  distance  (from  Haifa)  that  is  allowed  for  each  particular  correction  method. 

The  cumulative  distributions  of  this  random  variable  was  computed  from  the  table  of  passes  and  the  results  are 
shown  in  Figure  5.  These  graphs  represent  the  probabilities  that  within  the  time  that  elapsed  from  the  last  suitable  pass, 
there  will  be  at  least  another  one  - i.e.  the  probabilities  of  maximum  waiting  time. 

The  actual  average  waiting  time  is  about  half  the  maximum  waiting  time  assuming  a nearly  uniform  distribution  of 
the  times  of  the  passes  along  the  time  axis. 

Four  cases  are  shown  - assuming  a navigation  error  of  less  than  200  m. 

( 1 ) All  passes  up  to  2000  km  ground  distance  from  Haifa  to  the  satellite’s  ground  path  (farther  away  passes  have 
too  low  evaluation  angle  and  are  rejected  in  the  NNSS). 
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This  corresponds  to  the  case  of  the  regular  NNSS  navigation  procedure  using  the  2-frequency  ionospheric 
correction.  There  were  1923  passes,  and  the  average  time  between  the  passes  was  about  75  min. 

(2)  Passes  at  gound  distances  from  1 70  and  up  to  2000  km. 

This  corresponds  to  the  relative  navigation  method  (paragraph  (d),  Section  5). 

There  were  1 760  passes  and  the  average  time  between  them  was  about  82  min. 

(3)  Passes  at  ground  distances  from  300  to  2000  km. 

This  corresponds  to  navigation  using  an  estimated  ionosphere  (paragraph  (a),  Section  5). 

There  were  1619  passes  and  the  average  time  between  them  was  about  89  min. 

(4)  Passes  at  ground  distance  from  480  to  2000  km  at  one  side  of  Haifa  east  or  west)  and  passes  from  880  to 
2000  km  on  the  other  side  of  Haifa. 

This  corresponds  to  the  simple  differential  navigation  (paragraph  (b),  Section  5). 

There  were  1 264  passes  and  the  average  time  between  passes  was  about  1 14  min. 


It  can  be  seen  from  Figure  5 that  there  is  a sharp  rise  of  the  curves  between  100-1 10  min.  which  is  caused  by  the 
fact  that  the  periods  of  revolutions  of  the  satellites  are  in  that  range,  and  when  a satellite  passes  at  a suitable  distance  east 
of  the  receiving  station,  it  is  likely  that  after  one  more  revolution  in  space,  the  satellite  will  pass  west  of  the  station  - also 
at  a suitable  distance. 


7.  CONCLUSIONS 

Trying  to  simplify  the  navigating  stations  equipment  by  using  a one-frequency  receiver  (and  a communication  link 
to  a fixed  master  station),  one  has  to  pay  a penalty  mainly  in  waiting  time  for  a navigation  fix,  because  one  cannot  use 
the  near  zenithal  passes  in  such  a case. 

Figure  5 summarizes  this  situation  and  shows  that  for  a 99%  probability  of  obtaining  an  error  smaller  than  200  m, 
one  has  to  practically  double  the  approximate  waiting  times.  The  relative  navigation  methods  of  ionospheric  error 
correction  can  improve  the  situation  slightly.  For  a 95%  probability  one  pays  a penalty  of  20%  increase  only  in  waiting 
time  (for  the  relative  navigation  method). 

The  above  is  correct  for  the  influence  of  the  ionosphere;  other  sources  of  error  may  introduce  different  considera- 
tions. 

All  the  errors  were  calculated  for  a TEC  of  4*  1017  el/m3.  At  other  TEC’s  the  corresponding  errors  will  be  almost 
linearly  proportional. 

At  Haifa  for  example9,  midday  TEC  values  of  8*  1017  el/m3  correspond  to  equinox  days  of  high  solar  activity,  while 
4*  1017  el/m3  is  approximately  an  average  midday  and  afternoon  value.  At  all  other  times  of  the  day,  especially  at  night 
and  early  morning,  the  TEC  and  also  the  associated  errors  are  of  course  much  smaller. 
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Fig.2  A typical  curve  of  the  received  frequency  f,  as  function  of  time.  The  received  frequency  is  shifted 
due  to  the  Doppler  effect.  The  dotted  curve  illustrates  the  received  frequency  if  the  ionosphere  was  not 
present.  The  shaded  areas  correspond  to  the  Doppler  integral  (or  cycle  counts)  measured  on  ground. 
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navigation  errors  for  different  ionospheric  correction  techniques 


Regular  NNSS  (2  frequency  correction) 
Relative  navigation 

Navigation  using  estimated  ionosphere 
Simple  differential  navigation 


A STUDY  Of  SUDDEN  IONOSPHERIC  DISTURBANCES 


AND  THEIR  EFFECT  ON  VLF  POSITION  FIXING  ACCURACY. 
M.E. Perry 

Operational  Research  and  Computer  Systems  Department 
The  Dacca  Navigator  Company  Limited 
New  Malden, Surrey, England. 


SUMMARY 

With  the  concentration  of  air  traffic  over  the  North  Atlantic  Organised  Track  Structure  area  it  has 
become  necessary  to  ensure  that  aircraft  do  not  stray  from  the  specified  track  by  more  than  given  amounts. 
This  study  is  to  determine  the  positional  errors  that  may  be  encountered  by  an  aircraft  using  the  OMEGA 
system  in  this  area  during  periods  of  high  solar  activity.  This  has  been  achieved  by  the  collection  of 
OMEGA  phase  records  from  many  sources.  These  records  have  been  analysed  to  give  an  approximate  frequency 
and  propagation  path  dependence.  These  dependencies  have  been  used  to  convert  the  collected  data  to  a 
normalised  form  from  which  it  can  be  used  to  determine  the  approximate  errors  that  would  be  observed  at  any 
point  in  the  North  Atlantic  area. 

1.  DESCRIPTION  AND  COLLECTION  OF  SUDDEN  IONOSPHERIC  DISTURBANCE  DATA. 

The  data  used  in  the  preparation  of  this  study  came  from  two  main  sources: 

(a)  Phase  recordings  of  Omega  Trinidad  received  at  RAE  Farnbo rough  from  1966  through  until  1971. 

This  data  was  mainly  at  10.2  KHz  but  also  included  some  at  11.3  KHz  and  13.6  KHz. 

(b)  Phase  recordings  of  Omega  Trinidad  received  at  RGO  Hezstmonceux  from  November  1969  until  June  1973. 
This  data  was  at  12.0  KHz. 

In  addition,  small  amounts  of  data  were  used  from  the  following  propagation  paths: 

(c)  Forestport  to  RAE  Farnborough  | 

(d)  Aldra  to  RAE  Farnborough  > all  at  10.2  KHz 

(e)  Trinidad  to  Ottawa  J 

This  was  used  for  the  determination  of  the  propagation  path  dependence. 

Availability  of  the  above  records,  and  their  specific  use  for  determination  of  propagation  path  or 
frequency  dependence,  is  shown  in  Figure  1. 

Although  the  actual  parameters  noted  depended  on  the  type  of  recording  used,  sufficient  data  was 
collected  on  each  disturbance  to  determine  maximum  deviation,  time  of  event  and  e measure  of  the  length  of 
the  event. 

Only  those  disturbances  which  occurred  when  the  entire  propagation  path  was  illuminated  were  used. 

2.  THE  FREQUENCY  DEPENDENCE  OF  SIPs. 

The  size  of  a ph~.se  shift  during  e SID  is  dependent  on  the  frequency  in  use.  For  the  reduction  of 
ell  the  data  collected  it  was  necessary  to  determine  the  relationship  which  exists  between  the  different 
frequencies. 

Fortunately  there  wee  e reasonable  amount  of  overlapping  data  on  10.2  KHz,  11.3  KHz,  12  KTz  and  13.6  XHs 
on  the  paths  Trinidad  to  RAE  Famb'  rough  and  Trinidad  to  RQO  Barstmonceux.  These  paths  aro  sufficiently 
similar  for  the  path  dependence  to  ignored. 

Three  diagrams  were  drawn  showing  the  ratios  of  the  sisee  of  the  SIDs  on  these  frequencies 

Fig.2e  shows  the  ratio  else  (10.2  KHz)  / Sise  (11.3  KHz) 

Fig. 2b  shows  the  ratio  sise  (10.2  KHs)  / 8isa  (12.0  KHs) 

Fig. 2c  shews  the  ratio  else  (10.2  KHs)  / Sise  (13.6  KHs) 

The  msan  value  end  standard  deviation  of  each  ratio  was  calculated.  The  mean  ratio  and  ntandard 

deviation  for  SIDs  with  phssa  deviations  greater  than  10ps  at  10.2  KBs  wars  also  calculated  separately. 

Fig. 3 shows  the  resultant  frequency  relationship  for 
(a)  All  SIDs  and  (b)  Largo  SIDs  (>  10ys  at  10.2  KBs) 

It  can  aasily  be  seen  that  the  standard  deviations  are  rauch  larger  in  the  case  of  the  small  SIDs. 

This  is  probably  due  to  the  SID  sisa  being  only  slightly  larger  thun  the  noise  on  the  recordings. 

With  the  results  shown,  e linear  relationship  of  SID  sise  to  frequency  was  chosen  although  it  appears 
that  this  would  probably  not  hold  over  e larger  range  of  frequencies. 

3.  TOE  PATH  aPEHOBiCB  OF  8IDS. 

SIDs  ere  caused  by  increased  ionisation  in  the  D layer,  reducing  the  effective  reflection  height  for 
VLF  waves.  This  results  in  an  apparent  reduction  in  phase  for  each  VLF  signal  depending  on  its  propagation 
path. 
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The  causes  of  ionization  of  the  upper  atmosphere  are  as  follows  (MITRA.A.P.,  1974  ) :- 

(il  The  far  ultraviolet  1350-1750  8 responsible  for  the  dissociation  of  Oa. 

(ii)  The  whoie  spectrum  from  100-1350  8 and  in  particular  L«  at  1216  8,  mainly  responsible  for  the 
quiet  day  D region. 

(iii)  X-rays  above  8 8 affecting  the  lower  E region. 

(iv)  X-rays  below  8 8 which  are  negligible  under  quiet  conditions  but  at  flare  times  are  the  main  source 
of  D region  ionization. 

In  addition,  particle  flux  from  the  Sun,  and  cosmic  rays,  can  also  affect  the  ionosphere.  Charged 
particles  emitted  from  the  Sun  can  cause  very  large  disturbances  in  the  ionosphere  lasting  for  many  hours, 
and  even  days.  This  type  of  disturbance,  known  as  a PCA  (Polar  Cap  Absorption)  can  be  very  serious  for 
propagation  paths  crossing  the  Auroral  Zone  but  are  very  small  outside  that  zone.  Very  little  data  exists 
on  disturbances  of  this  type  so  this  report  will  deal  more  with  the  disturbances  caused  by  the  electromagnetic 
radiation  from  the  Sun. 


The  actual  effect  caused  by  a flare  will  be  a very  complicated  function  of  the  present  state  of 
ionization  of  the  ionosphere  and  of  the  detailed  spectrum  and  time  dependence  of  the  flare  radiation.  Such 
comprehensive  data  exists  for  only  a very  small  number  of  flares  and  so  this  report  will  consider  only  two 
sets  of  wavelengths,  0.5  - 3.0  8 and  1.0  - 8.0  8.  A list  of  the  outstanding  events  at  these  wavelengths  is 
published  monthly  (Solar  Geophysical  Data).  There  is  very  close  temporal  agreement  between  the  lists  of 
outstanding  events  and  the  list  of  observed  SIDs. 


The  records  used  to  determine  propagation  path  dependence  were  10.2  KHz  phase  records  for  March  '69, 
April  *70  and  May  '70  as  shown  in  Fig.l.  Only  those  SIDs  which  were  definitely  associated  with  a known 
X-ray  flare  were  used  in  this  part  of  the  study.  Each  observed  SID  was  given  a two  letter  name.  The 
X-ray  flux  of  the  associated  flare  was  noted  as  was  the  mean  value  of  the  cosine  of  th  solar  zenith  angle 
along  the  path.  In  addition,  the  Hardness  Ratio  was  calculated  for  each  X-ray  flare. 


The  Hardness  Ratio  is  given  by 


X-ray  flux(0.5  +38) 
X-ray  fluxd.O  + 8 8) 


In  Fig. 4 the  phase  deviations  due  to  SIDs  on  the  Trinidad  to  RAE  Farnborough  path  can  be  seen  plctted 
against  the  mean  incident  X-radiation  in  the  range  0.5  - 3 8.  For  greater  clarity  the  data  has  been  divided 
into  three  subsets  as  follows:- 


(i)  low  hardness  ratio  0 - .019  shown  as  dj 

(ii)  middle  hardness  ratio  .020  - .035  shown  as  DD 

(iii)  high  hardness  ratio  .036  - .054  shown  as  to 


As  can  be  seen,  the  low  hardness  flares  tend  to  produce  larger  SIDs  for  the  same  hard  X-ray  illumination. 
This  is  caused  by  the  ionizing  effect  of  the  larger  amount  of  soft  X-rays  present.  Similarly,  high  hardness 
flares,  being  relatively  deficient  in  soft  X-rays,  tend  to  produce  smaller  SIDs  for  a given  hard  X-ray 
illumination. 


Even  with  this  differentiation  between  various  types  of  X-ray  flares  some  SIDs  appear  above  or  below 
the  mean  for  their  type.  This  can  often  be  shown  to  be  due  to  the  flare  being  particularly  long  lasting 
giving  a larger  SID,  or  particularly  short  lasting  giving  a smaller  SID. 

Now  consider  the  subset  of  SIDs  of  a given  hardness  ratio.  In  each  case  the  plot  shows  that  a 
certain  threshold  value  of  incident  hard  X-radiation  is  required  before  any  disturbance  is  noticed.  Then 
there  exists  a fairly  linear  dependence  between  SID  size  and  incident  hard  X-radiation,  followed  by  a 
progressively  slower  rise  in  SID  size  with  increasing  incident  hard  X-radiation.  Presumably,  given 
infinite  incident  hard  X-radiation  the  size  of  the  observed  SID  would  tend  to  a limit  wnich  would  be 
dependent  on  the  hardness  of  the  X-radiation. 


Hence,  we  might  expect  to  obtain  an  expression  like: 


where  y is  SID  size 

yo  Is  Max  SID  size  =»  function  of  path  length  and  hardness 

x is  mear.  incident  radiation 

x0  is  threshold  mean  incident  radiation 

k is  some  constant,  possibly  a function  of  hardness. 


(1) 


Such  an  expression  is  shown  in  Fig. 5 

The  equation  (1)  is  somewhat  cumbersome  to  use  for  normalising  the  data  for  different  paths  under 
different  illuminations.  It  does, for  instance,  require  to  know  the  hardness  of  a particular  X-ray  flare 
before  it  can  do  any  conversion.  As  it  is  impossible  to  enter  all  of  the  X-ray  information  relevant  to 
all  of  the  observations  a simpler  approach  must  be  found.  A simple  power  law  was  tried  as  in  equation(2) 
below. 


I 
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(2) 


y - C(h,pl)  xn  

where  y is  SID  size 
x mean  incident  radiation 

C is  sane  constant  = function  of  path  length  and  hardness 
n is  some  power 
h is  hardness 
pi  is  pathlength 

An  investigation  was  carried  out  into  the  validity  of  equation  (2) 

He  can  deduce 

log  y = log  C + n log  x 

So  four  graphs  (one  for  each  propagation  path  for  which  data  existed)  were  plotted  of  the  above 
relationship  for  the  middle  subset  of  hardness  (ratio  between  .020  and  .035) . 

In  each  case  a value  of  n = .65  was  found  to  provide  a reasonable  fit  to  the  bulk  of  the  data  with 
the  exception  of  the  very  small  SIDs  where  the  threshold  effect  would  cause  a departure  (a  bend  down 
effect)  from  a strict  power  law.  These  graphs  are  shown  in  Figs. 6 (i) - (iv) 

From  these  graphs  the  value  of  C can  be  determined  for  each  path.  In  Fig. 7 these  values  for  C were 
plotted  against  pathlength  and  we  can  see  that  the  value  of  C is  almost  linear  with  pathlength.  Hence, 
we  may  assume  the  following: 

c(h,pl)  = c(h)  * pi.  (3) 

We  now  have  all  the  tools  we  need  to  normalise  the  data  from  several  paths  to  a fixed  path  of 


length  1 radian,  subjected  to  normal  illumination. 

We  now  have  y = c(h).pl.xn  from  (2)  and  (3) 

- c(h).pl.  flux'?  (cos  Z)n  (4) 

since  mean  incident  radiation  x = flux,  cos  Z 
where  Z is  the  zenith  angle  of  the  Sun 

Now  y observed  = c(h).  pathlength.  flux",  (cos  Z)"  (5a) 

y normalised  - c(h).  1.  flux".  ln  (5b) 

y observed 

y normalised  « mm  n (6) 

pathlength  * (cos  Z) 


The  pathlength  is  known,  the  mean  solar  zenith  angle  can  be  calculated  using  the  data  and  time  of 
observation  so  the  normalised  value  can  be  calculated  (assuming  a factor  has  already  been  applied  to 
correct  for  the  frequency  ln  use.) 

4.  THE  DISTRIBUTION  OF  PHASE  ERRORS  DUE  TO  SIDs  NORMALISED  TO  A PATH  SUBTENDING  1 RADIAN  AT  THE  CENTRE 

OF  THE  EARTH,  WITH  NORMAL  ILLUMINATION  AND  FREQUENCY  OF  10.2KHZ. 

Computer  programmes  were  written  to  analyse  the  collected  data.  Each  SID  was  normalised  separately 
using  equation  (6) . The  resulting  normalised  value  wac  used  to  compile  a graph  showing  the  probability 
of  a certain  normalised  phase  error  being  exceeded.  Examples  of  such  graphs  for  the  year  1970  are  shown 
in  Fig.B.  A separate  graph  has  been  compiled  for  each  month,  the  number  of  SIDs  analysed  being  shown  on 
that  graph.  Note  should  be  made  of  the  graph  for  November  1970.  This  was  the  worst  monthly  period 
encountered  during  the  study  and  was  the  set  of  data  used  to  determine  flare  time  position  fixing  errors 
(see  later). 

5.  PROBABLE  POSITION  FIXING  ERRORS  AND  THEIR  VARIATION  WITH  TIME. 

Having  determined  the  probability  of  observing  certain  phase  errors  on  a normalised  path,  we  can  now 
use  this  information  to  determine  the  probable  phase  error  observed  at  a given  point  using  a given  transmitter 
at  a given  time.  Moreover,  If  we  do  these  calculations  for  three  transmitters  (Liberia,  North  Dakota  and 
Norway)  we  can  determine  what  * he  position  fixing  error  is  likely  to  be.  Fig. 9 shows  the  probable  "error 
footprint"  observed  at  60N  55w  under  conditions  similar  to  the  month  of  November  1970  (already  mentioned) . 

The  cur’  es  shown  represent,  the  errors  one  might  expect  to  get  with  probabilities  10"*,  10'*  and  10’*  had  these 
conditions  arisen  during  the  months  of  June  or  December.  The  curves  also  show  the  variation  of  the  size 
and  direction  of  the  error  with  time  of  day  (times  in  GMT). 

As  can  be  seen,  in  both  the  results  for  June  and  December,  the  error  is  very  great  in  roughly  the 
direction  of  the  Liberian  transmitter  when  that  propagation  path  is  illusiinated.  The  error  is  in  roughly 
the  direction  of  the  North  Dakota  transmitter  when  only  that  path  is  illusiinated,  and  roughly  in  the 
direct  on  of  the  Norway  transmitter  when  only  that  path  is  illuminated  (i.e.  in  June  with  the  effect  of  the 
Midnight  Sun) . 

At  no  time  does  the  position  error  exceed  15  nautical  miles. 
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6.  CCHCLUSION. 

This  study  wets  undertaken  with  a specific,  practical  aia  in  mind,  namely  to  determine  approximately 
probable  position  errors  at  points  where  no  actual  phase  records  exist.  Although  the  frequency  and  path 
dependencies  used  would  not  fully  satisfy  theoretical  considerations,  it  is  believed  that  they  are  sufficiently 
realistic  to  be  applied  in  the  way  described  to  obtain  practical  results. 
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shows  which  records  were  used 

(a)  for  the  disturbance  statistics  (single  hatched) 

(b)  for  the  determination  of  frequency  and  propagation  path  dependence  (cross  hatched) 
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SIZE  ON  10.2  KHz  (in /i  secs) 


FIG. 2a  shows  the  relationship  between  site  on  10.2KHC  and  size  on  11.3KBZ 


ss-s^rT-^.  i-waftr?.'. 


FIG.  3 shows  the  frequency  relationship  in  graphical  form,  the  circles  representing  the  mean  values  of 
the  ratios  with  error  bars  of  1 standard  deviation. 

The  relationship  on  the  left  is  drawn  for  all  SIDs  and  that  on  the  right  is  for  large  SIDs 
(>  lOps  at  10.2kHz)  only. 


SIO  tilt  ¥ Mean  incident  X rtdlttlon  for  three  subsets 
of  the  data  (subsets  dot trained  by  hardness  ratio). 
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MEAN  INCIDENT  X-RADIATION  (ru*(o.5-3A).^z  in 


4 shows  the  relationship  between  observed  SIO  size  and  mean  incident  X-radiation. 


ze)  and  log  (Incident  X-: 


rhH± 


is: 


imm 


as 


Pathlength  (in  radians) 


The  variation  of  C (h ,pl'  with  pathlength. 

Note:  The  line  shown  is  only  one  approximation.  There  may  be  a better  one  through  the  right  hand 

three  points  only  which  would  give  rise  to  a normalization  based  on  a reduced  path  length. 
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Ncmalized  SiO  Distributions  for  1970 

Vertical  axis  is  Log. Probability,  horizontal  axis  is  Error  in  psacs. 
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Normalized  SID  Distribution  for  1970  (Derived  from  records  made  at  ROO  Herstaonceux  of  the  12.0KH* 
transmissions  from  Trinidad) . 


SPATIAL  DISTRIBUTION  OF  ERRORS 


Typical  "Error  Footprints"  obtained  at  60N  55M  during  the  months  of  June  and  December, 
lines  ire  with  probabilities  1(5’ , 10's  and  1(5’ » times  shown  are  GMT. 
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